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ABSTRACT
Precision Search for Muon Antineutrino
Disappearance Oscillations Using a Dual Baseline
Technique
Gary Chia Li Cheng
A search for short baseline muon antineutrino disappearance with the SciBooNE and Mini-
BooNE experiments at Fermi National Accelerator Laboratory in Batavia, Illinois is pre-
sented. Short baseline ν¯µ disappearance measurements help constrain sterile neutrino mod-
els. The two detectors observe muon antineutrinos from the same beam, therefore the
combined analysis of their data sets serves to partially constrain some of the flux and cross
section uncertainties. A likelihood ratio method was used to set a 90% confidence level
upper limit on ν¯µ disappearance that dramatically improves upon prior sterile neutrino
oscillation limits in the ∆m2=0.1–100 eV2 region.
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Chapter 1
Introduction
Neutrino masses have been one of the only additions to the wildly successful Standard Model
of particle physics since its construction during the 1960s and 1970s. Neutrino masses were
implemented in the early 1990s due to the observation of solar and atmospheric neutrino
oscillations. Neutrino oscillations is the phenomenon when one flavor of neutrino changes
into another flavor of neutrino as the neutrino propagates through a distance. This change
can only occur if there are small differences in the mass of the neutrinos, which implies that
neutrinos possess mass.
Most experimental measurements are consistent with the theory of three neutrino gen-
erations, but the LSND and MiniBooNE experiments suggest the existence of additional
“sterile” neutrinos that are only accessible through neutrino oscillations. A neutrino (or
antineutrino) disappearance search is one of the methods available to detect the presence
of neutrino oscillations into sterile neutrinos. In a disappearance search, a known neutrino
source of a specific flavor, να, is allowed to oscillate into another (possibly unobserved) flavor
of neutrino, νβ, hence giving the impression of a “disappearance” in the original neutrino
flavor να. This thesis describes a search for muon antineutrino disappearance oscillations
consistent with the LSND and MiniBooNE suggestions of sterile neutrinos, using both the
MiniBooNE and SciBooNE detectors in conjunction. The use of both MiniBooNE and
SciBooNE detectors in conjunction cancels out much of the antineutrino flux and neutrino
interaction uncertainties in the analysis, since they are common to both detectors and cor-
related. The SciBooNE detector acts as a near detector that measures the antineutrino
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flux and constrains its uncertainties while the MiniBooNE acts as a far detector that mea-
sures the disappearance oscillation. This cancellation of uncertainties results in a better
sensitivity.
Chapter 2 describes the basic properties of the neutrino (antineutrino), introduces neu-
trino (antineutrino) oscillations, and explains the need for neutrino (antineutrino) disap-
pearance in the search for sterile neutrinos. Chapter 3 describes the neutrino beamline,
which provides the antineutrino source, and the two detectors, MiniBooNE and SciBooNE,
which observe the antineutrino source. Chapter 4 explains how the beamline, neutrino and
antineutrino interactions, and detection of neutrinos and antineutrinos are simulated.
The next three chapters of the thesis contain the describe the analysis associated with the
thesis topic. Chapter 5 describes the reconstruction and selection of antineutrino events in
both detectors necessary for the analysis. Chapter 6 describes the systematic and statistical
uncertainties of the analysis associated with the beamline, detection, reconstruction, and
selection. Finally, Chapter 7 details the combined antineutrino disappearance analysis using
selected events in MiniBooNE and SciBooNE, including the tests of robustness, consistency,
and sensitivity for the analysis. The thesis concludes with a summary of the results of the
analysis and future prospects.





2.1 Introduction to Neutrinos
Neutrinos and their antiparticles, antineutrinos, are electrically neutral elementary particles
with spin 1/2. They obey Fermi-Dirac statistics and are classified as leptons in the Standard
Model of particle physics. Neutrinos were first postulated by Wolfgang Pauli in 1930 to
explain the carrier of missing energy in the decay of the neutron.
Neutrinos and antineutrinos interact only through the weak interaction and gravity.
There are three neutrino (antineutrino) weak interaction eigenstates, also known as flavor
eigenstates: the electron neutrino νe (electron antineutrino ν¯e), the muon neutrino νµ (muon
antineutrino ν¯µ), and the tau neutrino ντ (tau antineutrino ν¯τ ). There are only three flavor
eigenstates because the decay of the Z boson constrains the number of neutrinos from its
decay width [4].
Direct mass measurements of the three neutrino flavor eigenstates have been performed
by measuring the kinematics of particle decays. No absolute mass has yet been measured
but upper limits have been placed on all three neutrino flavor eigenstates as shown in
Table 2.1.
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Neutrino Flavor Mass Experiment
νe < 2.3 eV/c
2 (95% CL) Tritium β Decay [5]
νµ < 0.17 MeV/c
2 (90% CL) Pion Decay [6]
ντ < 18.2 MeV/c
2 (95% CL) Tau Decay [7]
Table 2.1: Upper limits on the direct mass measurements of the neutrino flavor eigenstates.
2.2 Neutrino Oscillations
Neutrino oscillations occur because the mass eigenstates are different from the flavor eigen-
states. Neutrinos are always produced as one of the flavor eigenstates. Since neutrinos
propagate through vacuum as a mixture of mass eigenstates that have different DeBroglie
wavelengths, each neutrino, produced in a flavor eigenstate can change flavor in the propa-
gation. The constructive and destructive interference between the different mass eigenstates
as the neutrino propagates through vacuum causes the sinusoidal neutrino oscillation effect.
Currently, there are three known and universally accepted neutrino mass eigenstates,
designated as ν1, ν2, and ν3 with masses m1, m2, and m3, respectively. Though the absolute
masses are unknown, the splitting between the square of the masses for ν1 and ν2, or ∆m12 =
m22 − m21, and the splitting between the square of the masses for ν2 and ν3, or ∆m23 =
m23 −m22, are known from neutrino oscillations. This leaves two possible configurations of
neutrino masses, or “mass hierarchies”. In the “normal” hierarchy, the mass of ν3 is much
larger than the masses of ν1 and ν2. In the “inverted” hierarchy, the masses of ν1 and ν2
are much larger than the mass of ν3. Figure 2.1 shows the masses of ν1, ν2, and ν3, with
their relative flavor eigenstate composition, for both mass hierarchies.
Each neutrino mass eigenstate can be expressed as superposition of the neutrino flavor





where |νi〉 is the mass eigenstate i of the neutrino (with i = 1, 2, 3 corresponding to the
three known mass eigenstates), |να〉 is the flavor eigenstate (with α = e, µ, τ), and Ui,α are
elements of the mixing matrix U between flavor and mass eigenstates.
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Figure 2.1: The neutrino mass eigenstates in the normal and inverted neutrino mass hi-
erarchies. The flavor eigenstate percentage for each mass eigenstate is shown through the
amount of red (νe), green (νµ), and blue (ντ ) in the line. (From Reference [1])
U , the mixing matrix between the flavor and mass eigenstates, can be factorized and


















where c(ω) is cos(ω), s(ω) is sin(ω), θ12, θ13, θ23 are the neutrino mixing angles, and δ
is a CP violating phase. Generally, it would be impossible to measure each of the neu-
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trino mixing angles individually since the oscillation effects from the different mixing angles
would interfere with each other, but nature has been kind. Since ∆m23 is much larger than
∆m12 (2 order of magnitude difference), θ13 is relatively small, and θ23 is close to 45
◦, the
oscillations from the different mixing angles effectively decouple from each other. Oscilla-
tions from one mixing angle produces high frequency and small amplitude oscillations on
top of another mixing angle oscillation with low frequency and large amplitude. Therefore,
neutrino oscillation experiments can designed to be mainly sensitive to one neutrino mixing
angle.
There are two general methods used to search for neutrino oscillations: appearance and
disappearance. In appearance searches, a known neutrino source of a specific flavor να is
generated (or occurs in nature) and the goal is to observe the oscillated neutrinos of another
flavor, νβ, a distance away. Since να → νβ is not equal to ν¯α → ν¯β due to CP violation,
appearance searches have the advantage that it can detect CP violation if both να → νβ
and ν¯α → ν¯β can be measured. In disappearance searches, a known neutrino source of a
specific flavor να is generated (or occurs in nature) and the goal is to observe a deficit in
neutrinos of the same flavor, να, a distance away. Assuming CPT invariance, να → να is
equivalent to ν¯α → ν¯α and disappearance searches have the advantage that data can be
combined from both να → να and ν¯α → ν¯α to achieve better sensitivity for the desired
neutrino oscillation.
To better understand neutrino mixing and knowing that each neutrino mixing angle
can be effectively isolated for measurement, consider only the two neutrino mixing case
between νµ and ντ determined by the leftmost block of U . νµ at time t can be expressed as
a superposition of ν2 and ν3:
|νµ(t)〉 = cos(θ23)e−iE2t|ν2〉+ sin(θ23)e−iE3t|ν3〉 (2.3)
where Ei is the energy of neutrino νi in the laboratory frame. Neutrinos are extremely
relativistic so the following approximations are made:
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where pi is the momentum of νi and l is the distance of propagation.
Hence, the probability to observe a νµ after it has traveled a distance L in km with
energy E in GeV is:





where ∆m23 = m
2
3−m22 is the difference between the mass squared of mass eigenstate 3, m3,
and the mass squared of mass eigenstate 2, m2. This is the νµ disappearance probability,
since there is a probability that the original νµ would not be observed. Instead the νµ would
be observed as a νe, leading to the νe appearance probability:





The form of Equation 2.6 and Equation 2.7 are true for any two-state neutrino mixing
and are coupled together due to the sum of probability being equal to unity. The proba-
bility for oscillation depends only on the mixing angle, the splitting between the square of
the mass eigenstates, the neutrino energy and travel distance. The mixing angle and the
splitting between the square of the mass eigenstates are fixed by nature, but an experiment
can be judiciously designed to take advantage of L and E to maximize appearance and
disappearance. Notice that if the neutrinos have no mass, the neutrino oscillation would be
zero.
2.2.1 Neutrino Measurements
Over the years, there have been many neutrino oscillation experiments measuring atmo-
spheric neutrinos, solar neutrinos, nuclear reactor neutrinos, and accelerator neutrinos.
Four distinct ∆m2 regions are observed: solar, atmospheric, reactor, and LSND.
2.2.1.1 Solar Neutrino Oscillations
The sun produces νe through its fusion process. The solar neutrino oscillation was discovered
by measuring the νe → νx oscillation from the sun (Homestake [8], GALLEX [9], GNO [10],
SAGE [11], SNO [12], SK [13], and Borexino [14]) and verified through the reactor neutrino
experiment KamLAND [15]. From solar neutrino experiments, θ12 ≈ 31◦ and ∆m212 ≈
7.6× 10−5eV2 [16].
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2.2.1.2 Atmospheric Neutrino Oscillations
Cosmic rays striking the atmosphere produces charged pions that decay into νµs and νes.
The atmospheric neutrino oscillation was discovered by the SK experiment [17] through
the measurement of the νµ → νx oscillation using νµs produced in the atmosphere. The
result was later confirmed by accelerator experiments K2K [18] and MINOS [19]. From
atmospheric neutrino experiments, θ23 ≈ 42◦ and ∆m223 ≈ 2.4× 10−3eV2 [16].
2.2.1.3 Reactor Neutrino Oscillations
Nuclear fission reactors produce a high flux of ν¯e from the decay of fission products. The re-
actor neutrino oscillation was discovered by measuring the ν¯e → νx oscillation from reactors
(Double Chooz [20], Daya Bay [21], and RENO [22]). From reactor neutrino experiments,
θ13 ≈ 16◦ and ∆m213 ≈ 2.4× 10−3eV2.
2.3 LSND Observation and Sterile Neutrinos
The LSND experiment observed an excess of ν¯e in a ν¯µ beam [23] at an energy E and distance
L not consistent with previous measurements of neutrino mixing angles and ∆m2 values in
the three flavor eigenstate and three mass eigenstate model. The excess ν¯e corresponded to
another oscillation with a ∆m2 of around 1 eV2. Since both ∆m212 and ∆m
2
23 have been




23) and have values much less than
1 eV2, there was no freedom in the model to accommodate a large ∆m2. The large ∆m2
indicates a fourth generation of neutrinos but since Z boson decays constrain the number
of neutrino flavors to three, this was not possible and an inconsistency arose. One solution
to this inconsistency is to introduce one or more “sterile” neutrino states (with the simplest
case being one) that do not do not couple to the weak interaction. Each of the new sterile





where there are 3 +N mass eigenstates, the 3 original mass eigenstates and N sterile mass
eigenstates. The original 3× 3 mixing matrix U would be expanded to (3 +N)× (3 +N).
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Figure 2.2 shows the new mass hierarchy with one new sterile neutrino.
Figure 2.2: Mass hierarchy with one heavy sterile neutrino. The ∆m2 from LSND is
incorporated.
Since the LSND ∆m2 splitting is much larger than the other ∆m2 splittings, the heavier
sterile neutrino state would effectively mix with the other three mass eigenstates as if they
were just one mass eigenstate to create the desired two-state neutrino oscillation and explain
the excess of ν¯e in a ν¯µ beam.
The MiniBooNE experiment was designed to test the LSND result. In 2007, the Mini-
BooNE experiment [24] excluded a two neutrino νµ → νe appearance-only oscillation (98%
CL) as an explanation for the LSND excess, assuming CPT invariance (Pν¯µ→ν¯e = Pνµ→νe).
However, in 2010, the MiniBooNE experiment [25] observed a hint for a two antineutrino
ν¯µ → ν¯e appearance-only oscillation consistent with the LSND measurement. In 2012, a
combined νµ → νe and ν¯µ → ν¯e appearance-only oscillation measurement (assuming CPT
conservation) by the MiniBooNE experiment observed a combined excess of νe and ν¯e in
their νµ and ν¯µ beam at the 3.8-σ level [26].
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2.4 Antineutrino Disappearance
Both neutrino and antineutrino disappearance searches provide complementary channels
to neutrino and antineutrino appearance searches for additional oscillations. To better
understand the relationship between appearance and disappearance searches, consider the
3 + 1 sterile neutrino model. Assume that the sterile neutrino mass eigenstate, m4, is











34 can be made. The oscillation
probabilities are then











where να and νβ are the 3 Standard Model flavor eigenstates. From Equation 2.9, the prob-
ability of νe appearance from a νµ beam, P (νµ → νe), is proportional to |Ue4|2|Uµ4|2. |Ue4|2
and |Uµ4|2 can be constrained by νe and νµ disappearance (P (νe → νe) and P (νµ → νµ)),
respectively. This sets a one-to-one relation between the appearance and disappearance
probabilities. Therefore, disappearance searches are complementary to appearance searches.
Assuming CPT invariance (Pν¯µ→ν¯µ = Pνµ→νµ), antineutrino disappearance searches are
equivalent to neutrino disappearance searches (neutrino appearance searches are almost
equivalent to antineutrino appearance searches with the difference coming from CP viola-
tion) and data from both types of disappearance searches can be combined. Disappearance
searches are also directly sensitive to oscillations to sterile neutrino since disappearance
searches can observe the deficit of neutrinos as the neutrinos oscillate into the sterile neu-
trino state.
Previous disappearance searches include ν¯e → νx, where νx is a neutrino state other than
ν¯e, and νµ → νx, where νx a neutrino state other than νµ. Both types of disappearance
searches did not observe evidence for sterile neutrino oscillation and their combined data
have already excluded 3 + 1 sterile neutrino models consistent with the observed LSND
oscillation. Figure 2.3 [2] shows the exclusion region of 3+1 models, including the observed
LSND oscillation region, using global data [27; 24; 28; 29; 30; 31; 32; 33].
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Figure 2.3: Limits on mixing angle sin2(θ) = |Ue,4|2 from ν¯e → νx disappearance (left), on
sin2(θ) = |Uµ,4|2 from νµ → νx disappearance (middle), and on sin2(2θLSND) ≈ 4|Ue,4Uµ,4|2
(right) for 3 + 1 models as a function of ∆m24,1. The allowed regions are shown in grey
(99% confidence level) and in red (90% confidence level). The fit from the limits on the
left and middle excludes the LSND decay-at-rest (DAR) data (shaded grey and red) on
the right at 90% confidence level (dashed blue) and 99% confidence level (solid blue).
atm+NEV+MB475 stands for the sum of atmospheric oscillation measurement (atm) data,
short-baseline experiments observing no evidence (NEV) data, and MiniBooNE data above
475 MeV (MB475). (From Reference [2])
3+2 sterile neutrino models, as shown in Figure 2.4, allows better compatibility between
the LSND oscillation and previous disappearance searches by increasing the number of free
parameters, though some inconsistencies remain. The oscillation probabilities are
P (να → νβ 6=α) = 4|Uα,4|2|Uβ,4|2 sin2 x41 + 4|Uα,5|2|Uβ,5|2 sin2 x51
+8|Uα,4||Uβ,4||Uα,5||Uβ,5| sinx41 sinx51 cos(x54 − φ54) (2.11)
and
P (να → να) = 1− 4[(1− |Uα,4|2 − |Uα,5|2)(|Uα,4|2 sin2 x41 + |Uα,5|2 sin2 x41)
+|Uα,4|2|Uα,5|2 sin2 x54] (2.12)
where να and νβ are the 3 Standard Model flavor eigenstates, xij =
1.27∆m2ijL





α,4Uβ,5). The inclusion of the additional parameters allow more freedom in
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reconciling the LSND oscillation and previous disappearance searches, by allowing no one-
to-one relation between appearance and disappearance probabilities.
Figure 2.4: Mass hierarchy with two heavy sterile neutrino. The ∆m2 from LSND is
incorporated.
Higher numbers of sterile neutrinos in 3 +N sterile neutrino models fit all the observed
data well, but also introduces the issue of additional complexity and parameters. Further-
more, there exist exotic models to try to explain the LSND oscillation including sterile
neutrinos in extra dimensions [34], decaying sterile neutrinos [35], and CPT violation [36].
Figure 2.5 shows the current global limits on disappearance searches. Additional and
more sensitive disappearance searches are necessary and important to detect whether sterile
neutrinos actually exist and to determine which, if any, of the proposed 3+N sterile neutrino
models are correct. This analysis, an antineutrino disappearance search of ν¯µ → ν¯x where ν¯x
is not the ν¯µ, is a step in that direction and will attempt to further resolve these outstanding
issues with a measurement more sensitive than any previously obtained.
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Figure 2.5: Current global limits on disappearance searches. The 90% confidence level limit
from MiniBooNE simultaneous fit [37] (solid black curve), MiniBooNE spectrum fit [37]
(dashed red curve), MiniBooNE only fit [38] (dark grey), MINOS [39] (hash green box), and
CCFR [40]/CDHS [30](light gray region) are shown. The predicted 90% confidence level
sensitivity of the MiniBooNE simultaneous fit (dot-dashed blue curve) and MiniBooNE only
fit (dashed cyan curve) is also shown. (From Reference [37])




The purpose of this chapter is to explain the technical details of the experimental apparatus
and setup. The details on the experimental apparatus and setup are required to understand
the data being collected and how it is associated with the antineutrinos. These details also
help one understand the relevant uncertainties that arises in the analysis. The produc-
tion, propagation, and detection of the antineutrino beam as it relates to the experimental
apparatus and setup is also described.
The chapter is organized in the order of antineutrino production to antineutrino detec-
tion. The Booster Neutrino Beamine (BNB) that produces and delivers the antineutrinos
to the SciBooNE and MiniBooNE detectors is first described. The SciBooNE detector, the
first of the two detectors downstream of the antineutrino beam, is then described. Finally,
the MiniBooNE detector, the second of the two detectors downstream of the antineutrino
beam, is described. A schematic view of the BNB to both detectors is shown in Figure 3.1.
3.1 The Booster Neutrino Beamline (BNB)
The Booster Neutrino Beamline (BNB) is located at the Fermi National Accelerator Lab-
oratory (Fermilab) in Batavia, Illinois and provides either a high flux of neutrinos or a
high flux of antineutrinos for the MiniBooNE and SciBooNE experiments. The BNB will
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Figure 3.1: Schematic view of the BNB to the SciBooNE and MiniBooNE detectors.
continue to be used in the future to provide neutrino and antineutrino beams for the Mi-
croBooNE experiment. The major components of the BNB, to be described in the order of
production in this section, is presented in Figure 3.2.
Figure 3.2: Schematic layout of the BNB. (From Reference [3])
The first step in producing a neutrino or antineutrino beam is to accelerate protons.
For the BNB, three accelerators in series accelerate protons up to 8 GeV kinetic energy (8.9
GeV/c momentum). H2 gas is converted into H
− ions using a Cockcroft-Walton generator
and accelerated up to 750 keV. The H− ions are then accelerated using alternating electro-
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magnetic fields in a linear accelerator up to 400 MeV. A thin carbon foil strips the electrons
away, leaving only protons which enter the Booster synchrotron. The Booster synchrotron
finally accelerates the protons up to 8 GeV kinetic energy. The protons are accelerated in
groups called beam spills. A typical beam spill contains 4×1012 protons over a period of 1.6
µs and proton spills can be sent down the beamline at a maximum rate of 5 Hz (typically
2-4 Hz). The nature of the RF acceleration technique results in 81 smaller bunches within
each beam spill, each 6 ns wide and separated by 19 ns.
The 8 GeV kinetic energy protons are directed onto a beryllium target producing the
mesons that will decay into the desired neutrinos or antineutrinos. Before hitting the target,
the protons pass through a series of beam position monitors and toroids, which measure the
properties of the proton beam. The total number of protons on target (POT) as well as the
position and spread of the beam on the target are measured. There are several toroids that
are calibrated every year and agree within 2% tolerance. The protons then collide with the
beryllium target, which produces the desired mesons. The beryllium target is composed of
a cylindrical enclosure 71 cm long with a diameter of 1 cm that contains seven cylindrical
slugs of beryllium aligned in succession along their radial axes and each supported by three
fins within the enclosure. Air is circulated within the enclosure since the colliding protons
generate a large amount of heat. A schematic of the BNB target and its setup is shown in
Figure 3.3. The beryllium target has 1.7 interaction lengths. A beryllium target is used
because beryllium has low Z so the interaction length is large relative to the radiation length
and the colliding protons do no lose energy before colliding.
The beryllium target is surrounded by a magnetic focusing horn. The purpose of the
magnetic focusing horn is to focus one sign of charged mesons and defocus the others. There
are two modes of operation for the magnetic horn corresponding to two BNB running modes
known as neutrino mode and antineutrino mode. In neutrino mode, the magnetic horn is set
so that positively charged mesons such as pi+ and K+ are focused in the forward beamline
direction and negatively charged mesons such as pi− and K− are de-focused away from the
beamline direction. In antineutrino mode, the opposite is true and the magnetic horn is set
so that negatively charged mesons such as pi− and K− are focused in the forward beamline
direction and positively charged mesons such as pi+ and K+ are de-focused away from the
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Figure 3.3: The BNB beryllium target. The top shows an exploded view of the components
and the bottom shows the assembled configuration. The proton beam enters from the left.
All dimensions are in inches. (From Reference [3])
beamline direction. The eventual result after the selected mesons decay is that the beam
will either have an enhanced flux of muon neutrinos (neutrino mode) or muon antineutrinos
(antineutrino mode).
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For this analysis, only the antineutrino mode configuration data and Monte Carlo sim-
ulation will be used. The predicted antineutrino fluxes at the MiniBooNE and SciBooNE
locations are shown in Figure 4.5 in Chapter 4. In antineutrino mode running, the flux
of antineutrinos in the beam will be referred to as the right-sign (RS) flux and the flux of
neutrinos in the beam will be referred to as the wrong-sign (WS) flux. The WS flux comes
from decayed pi+ and K+ that were not de-focused by the magnetic horn in antineutrino
mode running. These two designations are used because antineutrinos are the signal in this
analysis and neutrinos are a background.
The magnetic focusing horn is constructed from aluminum and current flows between
the inner and outer surfaces of the horn to produce the magnetic field used for focusing and
de-focusing mesons. The current in the horn is pulsed in time with the proton beam spill.
A schematic of the magnetic focusing horn is shown in Figure 3.4.
Figure 3.4: Schematic view of the BNB magnetic horn. The outer conductor of the horn
is shown in grey and the inner conductor components of the horn are shown in dark green
and blue. The plumbing associated with the water cooling system is also shown. (From
Reference [3])
After focusing the negatively charged mesons decay into the desired antineutrino beam.
The focused mesons pass through a 60 cm diameter cylindrical collimator and decay in
flight along a cylindrical 50 m long, 182 cm diameter tunnel filled with air. The mesons,
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composed mainly of pi− in antineutrino mode, decay primarily into µ− and ν¯µ in the decay
tunnel (though there are smaller contributions from pi+, K± decays in beam). Since the pi−
are highly boosted in the forward beamline direction, the resulting µ− and ν¯µ travel also
in the forward beamline direction along the decay tunnel. The beam dump, a 3.8 m thick
steel and concrete region located at the end of the decay tunnel, absorb the protons, muons,
and all of the undecayed mesons in the beam and leave only the antineutrino beam going
forward towards the MiniBooNE and SciBooNE detectors. Further details on the beamline
and flux predictions are given in Reference [3].
3.2 The SciBooNE and MiniBooNE Detectors
The SciBooNE [41] and MiniBooNE [42] detectors are located 100 m and 541 m, respectively,
downstream of the antineutrino production target. The two detectors use different detection
methods as SciBooNE is a discrete tracking scintillator detector and MiniBooNE is an
oil Cherenkov detector. The two detectors are also of different shapes and masses. The
SciBooNE detector is cubical in shape with a total mass of 60 tons and fiducial antineutrino
target mass of 10.6 tons. The MiniBooNE detector is spherical in shape with a total mass
of 1000 tons and fiducial antineutrino target mass of 450 tons.
3.3 The SciBooNE Detector
SciBooNE is comprised of three sub-detectors (in order from upstream to downstream): a
fully active and finely segmented scintillator tracker (SciBar), an electromagnetic calorime-
ter (EC), and a muon range detector (MRD). Figure 3.5 shows the schematic view of the
entire SciBooNE detector.
3.3.1 The SciBar Sub-detector
The SciBar sub-detector is a fully active and finely segmented scintillator tracker that serves
as the primary interaction target for the antineutrino beam. It is used to reconstruct the
neutrino-nucleus and antineutrino-nucleus interaction vertices and detect charged particles
produced by these neutrino and antineutrino interactions. Since SciBar is a finely segmented
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Figure 3.5: Schematic view of the entire SciBooNE detector.
scintillator tracker, it can distinguish charged particles (e.g. muons from protons) based on
their energy deposition per unit length (dE/dx).
The 15 ton SciBar sub-detector [43] (10.6 ton fiducial volume for antineutrino events to
be accepted) consists of 14336 1.3 cm × 2.5 cm × 300 cm rectangular extruded polystyrene
(C8H8) scintillator (1% PPO and 0.03% POPOP by weight) strips glued together in alter-
nating layers of vertically and horizontally arranged planes to construct a 3 × 3 × 1.7m3
volume. Each scintillator strip is coated with a co-extruded reflector material (0.25 mm
thick, 15% TiO2 infused polystyrene) and has a 1.8 mm diameter circular hole which houses
a single 1.5 mm wavelength shifting fiber (WLS) so that light created from passing charged
particles in the scintillator is collected and wavelength shifted by the WLS fiber as shown in
Figure 3.6. A plane is 116 strips glued together with 124 planes in total. Figure 3.7 shows
a three-dimensional view of the scintillator strips of SciBar.
The ionization in the scintillator strips in SciBar follow Birk’s law, a relationship between




1 + c× dE/dx|exp (3.1)
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Figure 3.6: Schematic drawing of a scintillator strip in three-dimensional view (a) and cross
sectional view (b). All units are in mm.
where dE/dx|exp is the expected energy deposition per unit length and c is Birk’s constant
which depends on the material. The Birks constant for the SciBar scintillator strip is
measured to be 0.0208 ± 0.0023 cm/MeV [44], using a prototype of SciBar in a proton
beam.
For the readout of the scintillator strips, each WLS fiber is attached to a channel on a 64-
channel multi-anode photomultiplier tube, or MA-PMT, (MA-PMT, Hamamatsu H8804)
in groups of 64 WLS fibers as shown in Figure 3.8. The WLS fibers are brought out
together on one side of the detector and are held in place by a plastic alignment “cookie”
which interfaces directly to a 64-channel MA-PMT. The average gain for the 64 channels is
6× 105. The crosstalk (light from one fiber channel affecting a nearby fiber channel on the
PMT) was measured to be 3.15%± 0.4% for an adjacent channel [41]. Charge and timing
information is then read out by a front end board (FEB) attached to the MA-PMT. Data
acquisition boards (DAQ) read out 8 FEBs with a typical pedestal width less than 0.3 photo
electrons (pe).
The readout is built with a special calibration system as shown in Figure 3.8. A single
clear fiber is placed in the center of each group of 64 WLS fibers which injects light from an
blue LED matched to the WLS fiber’s absorption spectrum. The response to the calibration
LED light, which is triggered by an external NIM module, provides a measurement of the
gain of the MA-PMTs over time as well as indicating which channels are dead. The relative
gain of the MA-PMTs is monitored every 8 hours with a precision of 0.1% and corrected
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Figure 3.7: Three-dimensional view of the SciBar and EC sub-detectors. The SciBar sub-
detector consists of alternating scintillator strips (shown in white), each instrumented with
a green wavelength shifting fiber down its the center (shown in the green lateral exterior
of SciBar), and read out by MA-PMTs (grey rectangle shown in the inset). The EC sub-
detector consists of two planes of scintillating fibers covered with lead foil. The antineutrino
beam is assumed to be incident from the left.
for the gain drift for the MA-PMTs. Over the course of the entire SciBooNE run, the gain
was stable to ±2% and only 4 channels out of 14,336 failed permanently.
The energy scale of each channel (each scintillator strip) is calibrated using cosmic
muons. More details on the scintillator, WLS fiber, readout electronics, gain monitoring
system, and energy calibration can be found in Reference [41].
The SciBar sub-detector also acts as the primary veto for charged particles coming into
the detector from the outside. The charged particles coming in from outside the detector
will deposit energy in the scintillator strips located in most upstream layers and on the
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Figure 3.8: Schematic diagram of the SciBar readout.
top and sides of SciBar. The presence of these energy depositions used to reject charged
particles coming in from the outside during the event selection process.
SciBar was originally designed and built as a near detector for the K2K experiment [43].
After K2K was completed, the SciBar detector was disassembled, shipped to FNAL, and
then re-built there for SciBooNE.
3.3.2 The EC Sub-detector
The EC sub-detector is an electromagnetic calorimeter, installed immediately downstream
of the SciBar sub-detector, and is designed to identify photons from pi0 decays and measure
the νe contribution in the neutrino and antineutrino beams by detecting electron showers. A
three-dimensional view is shown in Figure 3.7. The EC sub-detector is a two plane (vertical
and horizontal) “spaghetti”-type calorimeter. Each plane consists of 32 modules, which
are 1 mm scintillating fibers embedded in lead foil with dimensions of 262× 8.4× 4.2 cm3,
arranged side by side. Both EC planes collectively cover an active area of 2.7×2.6 m2. The
scintillating fibers are bundled and read out at both ends by PMTs. The EC sub-detector
was originally built for the CHORUS experiment [45], later used in conjunction with SciBar
for the K2K experiment, before finally being used in the SciBooNE experiment. Since
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neither events with pi0s and νe events are considered in this analysis, data taken from the
EC sub-detector is not used in the analysis though it is taken into account in the SciBooNE
detector geometry for data and MC.
3.3.3 The MRD Sub-detector
The MRD sub-detector is installed downstream of the EC sub-detector and designed to
measure µ± momentum up to 1.2 GeV/c for the µ± that are created from neutrino and
antineutrino interactions in SciBar. The MRD consists of 12 iron plates, each 5 cm thick,
sandwiched between 13 alternating horizontal and vertical scintillator planes as shown in
Figure 3.9. The average density of the iron plates is 7.841± 0.002 g/cm3 and the thickness
of each iron plate was measured to 1% accuracy prior to construction of the MRD. Each
scintillator plane is made of 20 cm wide and 6 mm thick scintillator paddles. Each vertical
scintillator plane (7 total) consists of 138 cm long paddles arranged in a 2× 15 array for an
active area of 276×300 cm2 while each horizontal scintillator plane (6 total) consists of 155
cm long paddles arranged in a 13 × 2 array for an active area of 260 × 310 cm2. The 362
scintillator paddles in the MRD are read out via 362 individual 2 inch PMTs. The MRD
was constructed for SciBooNE at FNAL, primarily by using parts recycled from past FNAL
experiments.
3.3.4 Events in SciBooNE
The different neutrino and antineutrino interactions in SciBooNE create different discrete
tracks and hits. By identifying the signature of the tracks and hits in all three sub-detectors
in conjunction, the specific neutrino or antineutrino interaction can be inferred. Figure 3.10
shows the different signatures of tracks and hits and its associated antineutrino interaction.
Muon antineutrino interactions can produce a long track that extends from SciBar to MRD.
Electron antineutrino interactions produce a track in SciBar that ends with energy depo-
sition in the EC. Antineutrino interactions producing pi0 creates two tracks in SciBar that
point to the same vertex.
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Figure 3.9: Three-dimensional view of the MRD sub-detector.
3.4 The MiniBooNE Detector
MiniBooNE consists of a spherical 12.2 m diameter tank containing 800 tons of mineral oil
beneath at least 3 m of earth overburden, as shown in Figure 3.11. The detector is divided
into an inner, active region to detect the antineutrinos from the beam and an outer, veto
region to reject charged particles coming from outside the detector. Within the inner, active
region is the fiducial volume of the detector, a sphere 10 m in diameter with a mass of 450
tons. A 2 GeV muon roughly travels the full 12m length of the tank. Figure 3.12 shows a
schematic view of the MiniBooNE detector.
The mineral oil, Marcol 7 (CH2), serves as both the target for the antineutrino beam and
the light producing medium. The mineral oil has many favorable properties. The mineral
oil has a density of 0.845±0.001 g/cm3 and a refractive index of 1.47. The refractive index
is higher than water (1.33), allowing a higher Cherenkov light fraction for charged particles
and a lower Cherenkov threshold than water. In addition to Cherenkov light, the mineral
oil also scintillates light as charged particles pass through it. Four different fluorophores
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Figure 3.10: Types of antineutrino interactions in SciBooNE and their associated detection
signatures.
were detected in studies of the time fluorescence of the mineral oil. The Cherenkov and
scintillation light Raleigh and Raman scatters through the mineral oil with an absorption
length of about 18 m.
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Figure 3.11: Schematic view of the MiniBooNE enclosure.
The detector is instrumented with 1280 8 inch photomultiplier tubes (PMTs) in the
inner, active region. The PMTs detect Cherenkov and scintillation light coming from passing
charged particles created from neutrino and antineutrino interactions in the fiducial volume.
The PMTs in the inner region face radially inward towards the spherical fiducial volume.
The PMTs are arranged in horizontal layers on opaque panels with latitudinal hoops to
allow the mineral oil to flow between the inner, active region and the outer, veto region
without light leakage. The inner region is covered or painted black to reduce re-scattering
of light.
The detector is instrumented with 240 8 inch PMTs in the outer, veto region. The
PMTs in the outer region detect Cherenkov light from charged particles coming from outside
detector. The PMTs in the outer region are mounted back to back and face either upwards
or downwards. The outer region is painted white to increase light re-scattering.
The PMTs are operated with a gain of approximately 1.6×107 at +2000 V. Charge and
timing information are read out when the charge on a PMT is greater than 2 mV (about
0.1 photoelectron). Each PMT readout is a PMT “hit”. The PMTs have a dead time, the
minimum time between successive PMT hits, of roughly 200-300 ns depending on the time
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Figure 3.12: Schematic view of the MiniBooNE detector.
of the first hit. A photo of a MiniBooNE PMT is shown in Figure 3.13.
The MiniBooNE data acquisition system (DAQ) digitizes the analog signal from the
PMTs, which includes time and charge information, and stores the information for 200
µs. The information is processed and read out if one of the physics triggers is set to be
true. The relevant physics triggers for this analysis are the beam and strobe triggers. The
beam trigger comes from the accelerator clock and does not depend on PMT activity in the
detector. The beam trigger opens a 19.2 µs beam readout window starting from 5 µs before
the 1.6 µs beam spill and holds off acceptance of any subsequent triggers for the full length
of the 19.2 µs beam readout window. The strobe trigger is a 2.01 Hz pulser that provides
an unbiased sample of beam-off events, which are mainly cosmic muon events.
A variety of methods are used to calibrate the MiniBooNE detector. Due to the small
3 m overburden, cosmic muons enter the MiniBooNE detector at a rate of 10 kHz. All
these cosmic muons can be vetoed by the PMTs in the outer region but they are also
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Figure 3.13: Photo of a MiniBooNE PMT.
used as a good calibration source for the detector. A laser calibration system is built to
also calibrate the detector. In addition, further calibration can be done by reconstructing
known quantities such as the pi0 mass and Michel electron energy distribution.
Additional details about the MiniBooNE detector can be found under Reference [42].
3.4.1 Events in MiniBooNE
The different neutrino and antineutrino interactions in MiniBooNE create different patterns
of PMT hits in the inner, active region. By distinguishing and identifying the pattern of
PMT hits, the specific neutrino or antineutrino interaction can be inferred. Figure 3.14
shows the different types of PMT patterns and its associated antineutrino interaction. Muon
antineutrino interactions produce a sharp, distinct ring or circle of PMT hits. Electron
antineutrino interactions produce a blurred ring of PMT hits. Antineutrino interactions
producing pi0 creates two intersecting blurred rings of PMT hits.
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Figure 3.14: Types of antineutrino interactions in MiniBooNE and their associated detection
signatures.
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Chapter 4
Monte Carlo Simulation
The purpose of this chapter is to describe the Monte Carlo (MC) simulation. The MC
simulation is used to estimate the expected signal of the analysis, the uncertainties and
sensitivity of the analysis, and the background contamination.
The chapter is organized in order of antineutrino progression sequence from production,
to propagation, to interaction, and finally detection. The simulation of the antineutrino
beam from the BNB is first detailed. Then, the method for the propagation of the predicted
antineutrino flux to both detectors is explained. The modeling of the antineutrino beam’s
neutrino and antineutrino interactions with the detectors’ target nuclei are described next.
Finally, the modeling of the interactions from the resulting particles created in the initial
neutrino and antineutrino interactions as they pass through the detector materials leading
to the electronic signals obtained are covered.
4.1 Monte Carlo Events and Event Weighting
In order for the information from the MC simulation to be complete and versatile, at each
step of the MC simulation, all the information related to an event including the particle
properties, its interactions, and its history must be passed on event by event to the next
step so that the information can be traced back and used for further analysis if necessary.
Therefore, the complete MC simulation is composed of many events, where each MC event
contains all the particle information, the interaction information, and the history informa-
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tion that relates to the event.
The composition of the MC simulation from MC events possesses additional advantages.
Statistical uncertainties in the MC simulation can be minimized using a technique called
“event weighting”. In event weighting, many more MC events are generated than the num-
ber of events expected in data. Each MC event is then given a “weight”, which is based
on the probability of that event occurring. When the MC events are combined to form
distributions, the MC events are combined in accordance to the size of their weights so that
the MC distribution has the same predicted normalization as the data distribution. But
since the MC distribution was created from many more MC events than data events, the
statistical uncertainties in the MC distribution are much less than the corresponding sta-
tistical uncertainties in the data distribution and therefore, the MC statistical uncertainties
can be effectively ignored. For both SciBooNE and MiniBooNE MC events, roughly an
order of magnitude more events are generated in MC than expected in data to minimize
MC statistical uncertainties. In addition, event weighting can be further used to modify
the relative proportion of certain selected MC events relative to all other MC events by
adjusting their corresponding weight values.
4.2 Booster Neutrino Beamline Antineutrino Flux
The BNB antineutrino flux is the first step in the MC simulation and serves both the
MiniBooNE and SciBooNE MC event simulations further down the simulation process.
The simulation of the antineutrino beam consists of two main sections: simulation of the
meson production from the proton-Beryllium collision and simulation of the meson focusing,
propagation, and decay into the antineutrino beam. The simulation of the meson production
can further be divided into the modeling of the proton beam and Beryllium target, modeling
of the proton-Beryllium elastic and inelastic scattering interactions, and the simulation of
the pi±, K±, and K0 meson production.
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4.2.1 Proton Beam, Beryllium Target, Beamline Geometry, and Proton-
Beryllium Interaction Modeling
The proton beam, Beryllium target, and surrounding beamline geometry are first modeled
as accurately as possible. Using information from the beamline monitors, the incident
proton beam is simulated to be centered on the Beryllium target, with a Gaussian spread in
position of σx = 1.51 mm and σy = 0.73 mm and an angular spread of σθx = 0.66 mrad and
σθy = 0.40 mrad. Variations in the incident proton beam (changes in the focus point of the
beam, size of the transverse and angular spread of the beam, etc) have tiny effects of less
than 1% on the resulting antineutrino flux. The uncertainties in the resulting antineutrino
beam from the accuracy of the Beryllium target and beamline geometry modeling are so
small (significantly less than 1%) that the Beryllium target and beamline geometry modeling
uncertainties are ignored.
The majority of protons in the proton beam interact in the Beryllium target. The pro-
ton interactions in surrounding beamline material are modeled using the default GEANT4
hadronic models. The total interaction cross section of primary proton interactions on
Beryllium is the sum of the elastic and the inelastic cross section. Inelastic collisions can
be either quasielastic or reaction interactions where mesons such as pi±, K±, and K0 can
be produced.
The Glauber model is used to simulate the total cross section of proton on Beryllium.
The Glauber model is compared with existing cross section data as shown in Figure 4.1.
More information on the Glauber model can be found in Reference [3]. The total interaction
cross section is σtotal = 285 ± 15 mb for protons at 8.9 GeV/c. The inelastic cross section
is parameterized based on Figure 4.1 for use in the MC simulation. The elastic cross
section is calculated by subtracting σinelastic from σtotal. The quasielastic cross section is
theoretically calculated and given a larger ±20 mb uncertainty. The proton-Beryllium cross
section uncertainties result in a few percent uncertainty in the antineutrino flux.
4.2.2 pi and K Meson Production Simulation
The pi+, pi−, K+, K−, and K0 production cross sections from 8.9 GeV/c proton-Beryllium
interactions are simulated separately, each based on a different custom model and/or parametriza-
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Figure 4.1: The cross section measurements of proton/Beryllium interactions with the
Glauber model. The top left figure shows the total hadronic cross section for Beryllium
in neutron/Beryllium interactions data (box), neutron/Beryllium interactions prediction
(red circle), and proton/Beryllium interactions prediction (blue circle) within the allowed
systematic uncertainties (red dash). The top right figure shows the total inelastic hadronic
cross section for Beryllium in proton/Beryllium data (blue box) and parametrization (black
line) within systematic uncertainties (red dash). The bottom middle figure shows the total
quasielastic hadronic cross section for proton/Beryllium interactions with parametrization
(black line).
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tion. These mesons are parent particles for the antineutrinos and background neutrinos in
the antineutrino beam.
For pi+ and pi− production, the simulation uses the Sanford-Wang (SW) parametrization:
d2σ
dpdΩ
















dpdΩ is the double differential cross section, p is the total momentum of the meson in
GeV/c, θ is the angle of the meson with respect to the incident proton in radians, pB is the
momentum of the incident proton in GeV/c, and c1, .., c9 are parameters to be determined
in the fit to the production data. For pi+ and pi− production, the c1, .., c9 parameters from
production data are obtained by fitting the HARP [46] and BNL E910 [47] data and shown
in Table 4.1.
Table 4.1: SW fit parameters for pi+ and pi− production from HARP and BNL E910 data.
c1 c2 c3 c4 c5 c6 c7 c8 c9
pi+ 220.7 1.080 1.000 1.978 1.32 5.572 0.0868 9.686 1
pi− 213.7 0.9379 5.454 1.210 1.284 4.781 0.07338 8.329 1
The uncertainties for both the pi+ and pi− production simulation are determined by
1000 spline fits to their respective pi+ and pi− HARP and BNL E910 data and are centered
around their respective SW parametrization. Figure 4.2 shows the SW parametrization
with the spline fit range for pi− and Figure 4.3 shows the SW parametrization with the
spline fit range for pi+. Notice that the spline curves nicely matches the HARP error bars,
except below 1 GeV/c. Extremely few neutrinos and antineutrinos detected by MiniBooNE
and SciBooNE come from pi+ and pi− with momenta below 1 GeV/c.
For K+ production, the Feynman scaling hypothesis is used to parameterize the K+
double differential cross section. Feynman scaling relates K+ production measurements
at different proton beam energies to the expected production at the BNB proton beam









are the parallel component of the momentum of the produced particle in the center-of-mass
frame and the maximum value of pcm‖ for the given reaction, respectively, is used in the
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Figure 4.2: pi− production cross section HARP data at 8.9 GeV/c from proton-Beryllium
collisions (red crosses) as a function of pi− momentum (ppi−) in GeV/c for different intervals
of pi− angle (θpi−). The best fit SW parametrization (blue line) and 40 out of the 1000 spline
fits to the HARP data (black lines) are also shown.






× c1(1− |xF |) exp (−c2pT − c3|xF |c4 − c5p2T − c7|pT × xF |c6) (4.2)
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Figure 4.3: pi+ production cross section HARP data at 8.9 GeV/c from proton-Beryllium
collisions (red crosses) as a function of pi+ momentum (ppi+) in GeV/c for different intervals
of pi+ angle (θpi+). The best fit SW parametrization (blue line) and 40 out of the 1000 spline
fits to the HARP data (black crosses) are also shown.
where p, pT , and E are the momentum, the transverse component of the momentum, and
energy of produced K+, respectively. c1, .., c7 are parameters from fitting to production
data at different proton beam energies and are listed in Table 4.2 [48]. The uncertainties in
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the simulation of the K+ come from variations in the Feynman scaling parameters c1, .., c7
in the fit.
Table 4.2: Feynman scaling fit parameters for K+ production.
c1 c2 c3 c4 c5 c6 c7
K+ 11.29 0.87 4.75 1.51 2.21 2.17 1.51
For K0 production, the SW parametrization is also used although with a different
parametrization than either pi+ and pi−. The c1, .., c9 parameters come from BNL E910 [47]
data and measurements from KEK [49] and are listed in Table 4.3. Due to a dearth of
measurement data, K0 production simulation is given a conservative 100% normalization
uncertainty.
Table 4.3: SW fit parameters for K0 production from BNL E910 and KEK data.
c1 c2 c3 c4 c5 c6 c7 c8 c9
K0 15.13 1.975 4.084 0.9277 0.7306 4.362 0.0479 13.3 1.278
For K− production, the MARS hadronic interaction package [50] is used to determine
the absolute double differential cross section due to lack of measurement data. More details
on the meson production simulation and their uncertainties can be found in Reference [3].
4.2.3 Simulation of Meson Decays
The mesons undergo the simulated focusing and de-focusing done by the magnetic field from
the magnetic horn. The magnetic field has a 1/r dependence from the inner conductor out
to the outer radius. The simulation is based on measurements of the magnetic field as
shown in Figure 4.4. Since the current in the magnetic horn is pulsed, some charge can
bleed beneath the surface of the conductor, which is known as the ”skin effect”. The current
density is modeled to be an exponential decay into the inner conductor with a depth of 1.4
mm to take into account the skin effect. The uncertainty on the skin effect is taken to be
±1.4 mm, the difference between the default skin effect model and the model where no skin
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effect exists (charge only on the surface of magnetic horn). The magnetic horn current is
also given a ±1 kA uncertainty in the simulation.
Figure 4.4: Measurements of the azimuthal magnetic field within the horn. The points show
the measured magnetic field, while the line shows the expected 1/r dependence. The black
vertical line indicates the outer radius of the horn.
After magnetic focusing and de-focusing, the output of the meson production simulation
is then used as input for the FORTRAN-based MC code that simulates the neutrino and
antineutrino kinematic distributions from meson decays (and subsequent daughter muon
decays). Current best knowledge meson and muon decay branching ratios, lifetimes, and
decay form factors in three-body semi-leptonic decays are used [51]. Polarization effects
in muon decays are also accounted for. The neutrinos and antineutrinos produced by the
meson decays (and subsequent daughter muon decays) are extrapolated along straight line
vectors toward both the SciBooNE and MiniBooNE detectors.
To minimize the MC statistical uncertainties from meson decays, the decay process is
simulated multiple times for each meson. Since the decay process is random, the neutrino
or antineutrino kinematics resulting from the appropriate meson decay are different each
time. For MiniBooNE, each meson is decayed 1000 times. For SciBooNE, each meson
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is decayed 10 times. The smaller multiple number of decays for SciBooNE is due to the
larger acceptance of SciBooNE relative to MiniBooNE (SciBooNE is much closer to the
decay tunnel than MiniBooNE). Studies also show that the statistical uncertainties does
not decrease if the number of decay times is increased past 10 for SciBooNE.
The resulting antineutrino flux at MiniBooNE are all the neutrino and antineutrino
vectors that pass through a 610 cm radius sphere centered at 541 m downstream the Beryl-
lium target, the location of the MiniBooNE detector. The resulting antineutrino flux at
SciBooNE are all the neutrino and antineutrino vectors that pass through a 212 cm radius
sphere centered at 100 m downstream the Beryllium target, the location of the SciBooNE
detector. Figure 4.5 shows the MC neutrino and antineutrino flux prediction in antineutrino
mode at both the MiniBooNE and SciBooNE detectors. The antineutrino fluxes at the two
detectors are similar, with differences arising from size and acceptance of the detectors.
More information on the antineutrino flux can be found in Reference [3].
4.3 Neutrino and Antineutrino Interactions
Neutrinos and antineutrinos can interact with other particles only through the weak in-
teraction. Interactions with neutrinos (antineutrinos) mediated through W± are known as
charged current (CC) interactions. Interactions with neutrinos (antineutrinos) mediated
through Z0 are known as neutral current (NC) interactions. Almost all the interactions
relevant to this analysis are CC interactions.
The simulation of the neutrino and antineutrino interactions from the antineutrino beam
on the MiniBooNE and SciBooNE nuclear targets is performed using the NUANCE soft-
ware, a program with calculations based off of theoretical models verified and tuned to
previous world data. Figure 4.6 shows the relevant neutrino CC cross sections for data
and default NUANCE simulation prediction. Figure 4.7 shows the relevant antineutrino
CC cross sections for data and default NUANCE simulation prediction. The NUANCE
simulation used in this analysis is further tuned based on analyses done by MiniBooNE and
neutrino cross section measurements [52]. The MC neutrino and antineutrino interaction
simulation is implemented not only for the MiniBooNE and SciBooNE detectors but also













































(b) SciBooNE antineutrino mode flux
Figure 4.5: The neutrino and antineutrino flux prediction as a function of true neu-
trino(antineutrino) energy, in antineutrino mode at the MiniBooNE and SciBooNE de-
tectors. The ν¯µ flux is represented by the solid line, the νµ flux is represented by the dashed
line, the ν¯e flux is represented by the dot-dashed line, and the νe flux is represented by the
dotted line.
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in their surrounding materials to better understand and estimate backgrounds.
Almost all CC neutrino (antineutrino) interactions can roughly be divided into three cat-
egories, each relevant and dominating within a certain neutrino (antineutrino) energy range.
In order of ascending neutrino (antineutrino) energy, the three categories are: quasielastic,
meson production (mostly consisting of single pion production), and deep inelastic scatter-
ing (DIS).
4.3.1 Quasielastic Scattering
The most common neutrino and antineutrino interaction type for the analysis is charged
current quasielastic (CCQE) scattering. It dominates at neutrino (antineutrino) energies of
about 1 GeV. For neutrinos, the interaction process is νl +n→ l−+ p where l is the lepton
flavor. For antineutrino, the interaction process is ν¯l + p → l+ + n where l is the lepton
flavor. CCQE scattering produces a clean, distinct signal and relatively easy to simulate
and reconstruct.















where M is the nucleon mass, GF is the Fermi coupling (strength of the weak force), θc is
the Cabbibo angle, s and u are Mandelstam variables with s− u = 4MEν −Q2−ml, Q2 is
the 4-momentum transferred between the neutrino (antineutrino) and the outgoing lepton.
The derivation can be found in Reference [75].
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Figure 4.6: Previous world published data [53; 54; 55; 56; 57; 58; 59; 60; 61; 62; 63; 64;
65; 66; 67; 68; 69] on neutrino CC cross sections. The CC cross sections are separated
by interaction type and divided by neutrino energy and plotted as a function of neutrino
energy. Charged current quasielastic interaction is shown in red. Charged current single
pion interactions are shown in blue. Deep inelastic scattering interactions are shown in
green. Total CC cross sections are shown in black. The colored points are the data with
uncertainties and the colored solid lines are the default NUANCE simulation predictions
before further tuning based on MiniBooNE analyses. (From Reference [70])
where τ = Q
2
4M2
, F1 and F2 are the vector form factors, FA is the axial vector form factor,
and Fp is the pseudo scalar form factor. m is the lepton mass.
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Figure 4.7: Previous world published data [62; 63; 64; 65; 66; 67; 68; 69; 71; 72; 73] on
antineutrino CC cross sections. The CC cross sections are separated by interaction type and
divided by antineutrino energy and plotted as a function of antineutrino energy. Charged
current quasielastic interaction is shown in red. Charged current single pion interactions
are shown in blue. Deep inelastic scattering interactions are shown in green. Total CC cross
sections are shown in black. The colored points are the data with uncertainties and the
colored solid lines are the default NUANCE simulation predictions before further tuning
based on MiniBooNE analyses. (From Reference [70])
Assuming conserved vector current (CVC), the vector form factors F1 and F2 are defined













M −GpE +GnE) (4.8)
where Gp,nM,E are the Sachs form factors present in electron scattering. Conventionally, the








where GpE(0) = 1 is the proton electric charge, G
n
E(0) = 0 is the neutron electric charge,
GpM (0) = 2.793 is the proton magnetic moment, and G
n
M (0) = −1.913 is the neutron
magnetic moment. The vector mass is M2V = 0.71 GeV
2.
Recent electron scattering data show deviations from the dipole format at high Q2 so
these form factors are parameterized as functions of Q2 from fits [76] to electron scattering
data [77; 78; 79; 80].








where MA is the axial mass for the CCQE interaction. MA is a tunable parameter and
for the NUANCE simulation of this analysis, MA is based on the latest MiniBooNE muon
neutrino cross section measurement [52] and set to be 1.35±0.07 GeV/c2 for carbon targets.
Figure 4.8 shows the MiniBooNE muon neutrino CCQE cross section per neutron as a
function of neutrino energy with the best fit RFG model ofMA = 1.03 GeV/c
2 and κ = 1.000
(among other models). MA for hydrogen targets is set to 1.014± 0.014 GeV/c2 [81].








where mpi is the mass of the pion. More information can be found in Reference [75].
The CCQE cross section model by Llwellyn-Smith assumes that the neutrino (antineu-
trino) interacts with a neutron (proton) while in reality, the neutrino (antineutrino) mainly
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Figure 4.8: MiniBooNE muon neutrino CCQE cross section per neutron as a function of
neutrino energy. In (a), shape errors are shown as shaded boxes along with the total errors
as bars. In (b), a larger energy range is shown along with results from the LSND [82] and
NOMAD [83] experiments. Also shown are predictions from the NUANCE simulation for
an RFG model with MA = 1.35 GeV/c
2 and κ = 1.007, for an RFG model with MA = 1.03
GeV/c2 and κ = 1.000, and for scattering from free nucleons with the world-average MA
value. (From Reference [52])
interacts with the carbon targets of MiniBooNE and SciBooNE. The modeling of this nu-
clear effect was first derived by Smith and Moniz [84]. The formula includes hadronic
nuclei functions which depend on the form factors and the distribution f of the nuclei in




The carbon target is modeled to be a relativistic Fermi Gas (RFG) characterized by
Fermi momentum pF and nucleon binding energy EB. The integral then becomes:∫












p − ω + EB. Based on previous Mini-
BooNE analysis [85], the factor κ is introduced and represents a scale factor for the allowed
momentum space and can increase or decrease the amount of Pauli blocking. κ is introduced
to allow an extra degree of freedom to describe MiniBooNE data at low Q2. The simulation
sets EB = 30 ± 9 MeV for protons in carbon and pF = 220 ± 30 MeV/c in carbon, which
are based from electron scattering data.
4.3.2 Meson Production
At higher neutrino and antineutrino energies, meson production occurs during the scatter-
ing. There are two channels for this process: resonance production and coherent production.
pi, K, and η resonance meson production through neutrino or antineutrino interactions are
modeled using the Rein and Seghal formalism [86]. Coherent pi production is also modeled
by Rein and Seghal [87; 88].
The Rein and Seghal resonance production model assumes an intermediate baryon res-
onance, N∗, in the reaction of νl + p/n→ l− +N∗ and N∗ → N ′ + p/n for neutrinos and
ν¯l+p/n→ l+ +N∗ and N∗ → N ′+p/n for antineutrinos, where N ′ is the emitted pi, K, or
η. All intermediate baryon resonances with mass less than 2 GeV/c2 are included. Baryon
resonances with mass greater than 2 GeV/c2 are simulated as deep inelastic scattering. For
the ∆(1232) resonance, the Rein and Seghal method [89] is used to determine the angular
distribution of the final state pions. For all other resonances, the angular distribution of
the generated pion is chosen to be isotropic in the resonance rest frame. For the simulation,
the tuneable parameter for resonance production M res piA is set to be 1.1± 0.275 GeV/c2 for
all targets.
Coherent pi production assumes that the neutrino (antineutrino) scatters off the entire
nuclear target in the process νl+X → l−+pi+ +X ′ (ν¯l+X → l+ +pi−+X ′) where X is the
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nuclear target before and X ′ is the nuclear target after the scattering. For the simulation,
the tuneable parameter for coherent production M coh piA is set to be 1.03± 0.275 GeV/c2 for
all targets. Coherent pi production plays a very small contribution to the analysis.
The simulation includes an additional adjustment to all CC single pi production events
from neutrino and antineutrino interactions. This adjustment is performed as a function of
Q2 to correct for the discrepancies noticed between data and MC in both SciBooNE and
MiniBooNE for CC single pi production events [52; 90]. It is based on measurements in
MiniBooNE using a purified sample of CC single pi production events [52].
Meson production leading to multi-pion final states are also included in the simulation
and simulated assuming MNpiA = 1.30 ± 0.52 GeV/c2 in NUANCE. The value of MNpiA is
chosen to ensure that the total CC cross section prediction reproduces previous experimental
data.
4.3.3 Deep Inelastic Scattering
At high neutrino and antineutrino energies, deep inelastic scattering (DIS) occurs. The DIS
cross section is calculated using the GRV98 parton distribution functions [91]. Additionally,
there are corrections in the small Q2 region developed by Bodek and Yang [92]. The DIS
contribution slowly increases for hadronic invariant masses W starting at 1.7 GeV and
becomes the only source of neutrino and antineutrino interactions above 2 GeV. This is done
in NUANCE to create a smooth transition between the resonance single pion production and
DIS models and ensure continuity in distributions of kinematics and hadron multiplicity.
4.3.4 Final State Internuclear Interactions
In NUANCE, neutrino and antineutrino interactions are modeled as being instantaneous
in time. After the initial neutrino or antineutrino interaction, any particles produced from
the neutrino or antineutrino interaction (e.g. p,n,pi) can interact with the carbon nucleus.
In NUANCE, the probability for the particle to interact is calculated in discrete 0.3 fm
increments until the particle exits the 2.5 fm radius of the carbon nucleus. Pion absorption
(pi+/− + X → X ′), pion charge exchange (pi+/− + X → pi0 + X ′), and pionless ∆ decay
(∆++ → ∆+, ∆+ → ∆) are also simulated in NUANCE and given uncertainties of ±25%,
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±30%, and ±100%, respectively.
For SciBooNE, the simulation of these final state internuclear interactions are important
because pi and p emitted from the carbon nucleus can mimic the µ signal for the analysis.
Also, the angle and energy of the µ can be altered by these internuclear interactions. For
MiniBooNE, pion absorption, pion charge exchange, and pionless ∆ decay causes single
pion production interactions to resemble CCQE interactions, affecting the signal selection
for the analysis.
4.4 Detector Response
The simulation of the detector responses for SciBooNE and MiniBooNE are different due
to the inherent differences between the detectors (discrete tracking versus Cherenkov).
4.4.1 MiniBooNE Detector Response
MiniBooNE uses GEANT3 [93] for simulation of the detector. The detector is simulated
to be a sphere with small “top hat”-like structure at the top and filled with mineral oil of
the appropriate density based on measurement. Additional simulation places the detector
inside a concrete, cylindrical vault filled with air, which is surrounded by dirt with density
2.15 g/cm3 on all sides and above the detector.
The PMTs are modeled based on their tube type and measured response. The de-
fault GEANT3 simulation is used to model most particle propagation in the detector. The
GEANT3 code was modified to include a custom model for light propagation in the de-
tector [94]. Scintillation, fluorescence, and Cherenkov light components are all simulated.
Absorption, scattering, and reflections in the detector tank and veto are also simulated.
A custom muon capture model is also added to simulate the 7% of µ− capture on
mineral oil. GCALOR [95] is used for the final state hadronic model and models the low
energy photons and neutrons produced upon µ− capture. GCALOR is also used to model
the pion absorption and charge exchange in the detector medium. Some modifications
were made to the standard GCALOR code, namely pi± elastic scattering and photonuclear
interactions [96].
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4.4.2 SciBooNE Detector Response
SciBooNE uses GEANT4 [97] to simulate the interactions of hadronic particles with detector
materials. The SciBar, EC and MRD sub-detectors are all modeled with their respective
construction materials and their model positions are based on survey data. The position
of the SciBar planes relative to the first layer is set in the simulation based on survey data
and cross checked with cosmic ray muon data [51].
For the simulation of the SciBar sub-detector, GEANT4 is used to model the true energy
depositions in scintillator strips, which are then converted to the number of photoelectrons
at the PMTs. The conversion factors are calculated based on the measured light yields for
cosmic muons and the measured gains of PMTs. The scintillator quenching is simulated
using Birk’s law with the measured value of Birk’s constant [44]. The measured light atten-
uation length is used in the simulation. The crosstalk between the MA-PMT is measured to
be 3.15± 0.4% for adjacent channels and used for the simulation. The single photoelectron
resolution of the MA-PMT is set to 50% in the simulation to reproduce the observed dE/dx
distribution of cosmic muons and the absolute error is estimated to be ±20%. The density
of the scintillator is measured by sampling 10% of the strips before the installation and
determined to be 1.021 g/cm3 and implemented into the simulation. The uncertainty of the
total mass is estimated to be 1%, including the effect of epoxy resin used to glue the strips.
For the simulation of the EC sub-detector, the energy to photoelectron conversion for
each channel is simulated based on cosmic ray data and the attenuation length of the fibers
is also simulated based on measurement. For the simulation of the MRD sub-detector, the
time of energy deposition is digitized and converted into TDC counts. The positions of
steel plates and scintillator strips are surveyed and implemented in the simulation. The
gaps between the scintillator counters are also simulated.
In addition to simulating neutrino and antineutrino interactions in the detector, the
interactions in the surrounding material, including the walls of the detector hall and the
soil, are also simulated to estimate neutrino and antineutrino backgrounds. The density of
surrounding material is assumed to be 2.15 g/cm3 for the simulation. Surrounding material
MC events a distance ±5 m away in all three coordinate direction from the SciBooNE
detector are generated and included in the event predictions.




The purpose of reconstruction and selection is to identify the particles interacting in the
detectors given the raw detector signals and to efficiently select samples of events with the
desired particles, which are µ+ in this analysis, with low background event contamination.
The selection criteria are chosen with a balance to maximize the number of background event
rejected and to preserve the largest number of desired µ+ events. This balance requires that
different selection criteria are used for MiniBooNE and SciBooNE. MC simulation of the
data is used to understand the properties of the selected samples. The same selection
criteria are applied to both data and MC so that the selected MC samples can be compared
directly to their corresponding data samples and used to estimate the effectiveness of the
reconstruction on the data, i.e. the purity and efficiency of the selection criteria on data and
the properties of the selected data samples. Ultimately, the selected data and MC samples
will be used to test the theory proposed in this analysis.
The chapter is organized as follows. SciBooNE and MiniBooNE event reconstruction
are first discussed, followed by information on the data sets used. Then, SciBooNE and
MiniBooNE event selection are described followed by antineutrino energy reconstruction.
The energy distributions will ultimately be used in the fit to test the oscillation hypothesis.
Finally, the properties and composition of the selected samples are presented and the chapter
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is concluded with a summary of the results.
5.1 SciBooNE Event Reconstruction
SciBooNE is a discrete tracking detector so event reconstruction involves combining into
tracks the hits from the passage of charged particles through the components of the detector.
The length, position, and energy deposited in the tracks are assumed to correspond with
the charged particle passing through the detector. Tracks are first formed by looking at
adjacent hits in SciBar, the most sensitive sub-detector of SciBooNE. The tracks in SciBar
are then matched to hits in the EC and reconstructed tracks or hits in the MRD.
5.1.1 SciBar Track Reconstruction
A SciBar hit is a signal event where more than two photoelectrons, or approximately 0.2
MeV, is deposited in a scintillator strip. Associated hits in either the X-Z or Y-Z planes
of SciBar are combined using a cellular automaton algorithm [98] to form two-dimensional
SciBar tracks. The cellular automaton algorithm was first developed for the K2K experi-
ment. SciBar hits are organized into clusters, where each cluster consists of adjacent SciBar
hits. Segments are formed that connect the individual clusters no more than one scintillator
strip apart. Any segments that share a cluster are then connected if the χ2 of a least squares
linear fit to the segments is within range.
Three-dimensional SciBar tracks are reconstructed by matching the timing and edges in
the z-direction of two two-dimensional SciBar tracks, one in the X-Z plane and one in the
Y-Z plane. Time differences between two two-dimensional SciBar tracks are required to be
less than 50 ns, and the distance between the edges in the z-direction must be less than 6.6
cm for both upstream and downstream edges. If more than one two-dimensional track in one
plane is matched up with another two-dimensional track in the other plane, the combination
with the smallest summed value of the distances between their respective upstream and
downstream edges in the z-direction is chosen. Three-dimensional reconstructed SciBar
tracks have a minimum length of roughly 8 cm.
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5.1.2 EC Cluster Reconstruction
An EC cluster is formed by taking adjacent hits in the EC for either the X-Z or Y-Z plane.
The energy of the EC cluster is the sum of the energy of the EC hits and the position of
the EC cluster is the energy weighted average of its composed EC hits. The EC cluster was
developed to reconstruct photons and electrons and therefore not used in this analysis. The
EC energy is estimated using EC track length in this analysis.
5.1.3 MRD Track Reconstruction
Two-dimensional tracks in the MRD are independently reconstructed using MRD hits in
either the X-Z or Y-Z plane clustered within a 50 ns timing window. Three-dimensional
tracks in the MRD are reconstructed by matching the timing of the two-dimensional MRD
tracks. At least two MRD layers in each view are required to reconstruct a MRD track,
resulting in a minimum penetration of three steel layers.
5.1.4 SB-MRD Matched Track
For this analysis, certain charged particles are produced in the fiducial volume of SciBar and
stop in the fiducial volume of MRD so additional reconstruction between a reconstructed
three-dimensional SciBar track and associated MRD hits or three-dimensional track is nec-
essary. Such a track is defined as a SB-MRD matched track. No EC information is used in
constructing the SB-MRD matched track.
A search for a candidate SciBar track that has a downstream z-direction edge that lies
in the two most downstream layers of SciBar is first conducted. If the candidate SciBar
track exists and there is also a MRD track, then several additional criteria must be fulfilled.
The upstream edge of the MRD track must be within the two most upstream layers of the
MRD, and be within 30 cm of the projected entry point of the candidate SciBar track into
the MRD in both the X-Z and Y-Z directions. The maximum difference between the SciBar
and MRD track angles with respect to the beam direction is given by θmax = |θSB−θMRD|,
with θmax required to be below a certain threshold, which varies between 0.4 radian and 1.1
radians, depending on the length of the MRD track. If no MRD track is found, the candidate
SciBar track is extrapolated to the MRD to search for nearby MRD hits. The nearby MRD
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hits are required to be within a cone with an aperture of ±0.5 radian and a transverse offset
within 10 cm of the extrapolated candidate SciBar track at the upstream edge of the MRD.
The timing difference between the candidate SciBar track and the MRD track or hits must
be within 100 nsec. The matching criteria imposes a minimum momentum of 350 MeV/c
for the SB-MRD matched track.
5.2 MiniBooNE Event Reconstruction
MiniBooNE is a Cherenkov detector so event reconstruction involves searching for associated
PMT activity generated from Cherenkov light created as charged particles pass through its
mineral oil volume. The data stream of the PMT activity is divided into “events”, where
a single “event” is all the time and charge information for all the PMTs in a 19.2 µs DAQ
time window. Each event can consists of separate “subevents”, or clusters of PMT activity
separated in location and time. A subevent must have at least 10 PMT hits where no two
consecutive hits are separated in time by more than 10 ns.
Event reconstruction involves converting the spatial patterns in charge and time infor-
mation obtained by the PMTs into the momentum and location information of the passing
particles. The passing particles are assumed to create tracks in the mineral oil volume and
each interaction is modeled as either a single track (CCQE νµ, ν¯µ, νe, ν¯e interaction events,
cosmic muons, decay electrons) or two tracks (NC pi0 interaction events). For CC events
with an associated pi+ or pi− production, the pi+ or pi− decays immediately to a µ+ or µ−,
respectively, which then decays into an e+ or e−. The e+ or e− are classified as a different
subevent. For CC events with an associated pi0 production, the pi0 is classified as another
subevent different from the subevent of the charged particle produced in the CC interaction.
Each subevent is characterized by a set of PMT signals qi and ti which are determined by an
underlying set of parameters ~a which characterize the particle’s trajectory and properties.
The parameters of ~a are starting position (x0, y0, z0), starting time t0, direction (θ0, φ0),
and kinetic energy E0.
For the single track model, the likelihood of a set of parameters ~a given qi and ti is
determined by the single track likelihood equation L:




(1− P (i hit;~a))
all hit PMTs∏
i=hit PMT
P (i hit;~a)Lq(qi,~a)Lt(ti,~a) (5.1)
where P (i hit;~a) is the probability that the i-th PMT is hit given parameters ~a and Lq and
Lt are the probabilities of measuring charge q at time t in PMT i due to parameters ~a. The
optimal values of parameters ~a are found by maximizing L for the event.
The charge likelihood Lq is determined in a two step process. In the first step, using
the known optical photon and particle propagation properties of the mineral oil, given the
particle type (e−/e+ or µ−/µ+) and parameters ~a, the average number of photoelectrons
that a particular PMT should observe can be determined. In the second step, the PMT
response to the photoelectrons observed is determined. The PMT response model was
established using laser calibration data.
The time likelihood Lt is determined with a combination of a time component from the
particle’s Cherenkov light, which follows a Gaussian distribution, and a time component
from the particle’s scintillation light, which has a exponential decay.
For the two track model, the two track likelihood equation has the same form as the
single track likelihood equation, but with different calculations for the charge likelihood Lq
and the time likelihood Lt. Lq is determined by adding the predicted charges from the two
tracks to obtain the total predicted charge at each PMT. Lt is determined by a weighted
time average of the Cherenkov and scintillation time components from the two tracks. More
details on MiniBooNE event reconstruction can be found in Reference [99].
5.3 SciBooNE and MiniBooNE Data Sets
The Booster Neutrino Beam (BNB) operated from February 2003 till April 2012 and de-
livered both neutrinos and antineutrinos to the MiniBooNE and SciBooNE detectors. The
amount of data collected from the BNB is measured in protons on target (POT), or the
amount of protons delivered to the Be target. During the time period, the magnetic horn
was sometimes configured in neutrino mode running, which provided a neutrino-rich beam,
and sometimes configured in antineutrino mode running, which provided an antineutrino-
rich beam to both MiniBooNE and SciBooNE detectors.
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5.3.1 BNB POT Collection
Table 5.1 shows the POT collected for both experiments over their entire data collection
periods. During the first antineutrino mode running collection period, absorber plates fell
into the BNB decay volume altering the antineutrino flux. This period occurred from
June 2006 to April 2007 and the antineutrino data during this period is excluded in the
analysis. Excluding the downed absorber plates period, 1.010× 1021 POT was collected in
antineutrino mode running for MiniBooNE and used for the analysis. The downed absorber
plates period did not occur during SciBooNE data taking so the entire antineutrino mode
running data set for SciBooNE (1.53× 1020 POT total) is used for the analysis.
Period BNB Mode SB POT MB POT
Feb. 2004–Jan. 2006 neutrino – 5.58× 1020
Jan. 2006–Oct. 2007 antineutrino 0.52× 1020 1.71× 1020
(Jun. 2007 (1.18× 1020 were used in the
–Aug. 2007) analysis corresponding to
Jan. 2006–May 2006 and
May 2007–Oct. 2007 when
all absorber plates were
correctly positioned)
Oct. 2007–Apr. 2008 neutrino 0.99× 1020 0.83× 1020
Apr. 2008–Apr. 2012 antineutrino 1.01× 1020 8.92× 1020
(–Aug. 2008)
Table 5.1: Summary of data run periods for SciBooNE and MiniBooNE.
5.3.2 Data Quality
To ensure that the data collected from detectors are accurate, data quality checks are
imposed for both MiniBooNE and SciBooNE throughout their entire run periods. Only
data that pass the given detector’s respective quality checks are included in the analysis.
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5.3.2.1 SciBooNE Data Quality Checks
For SciBooNE, the data must pass five quality checks: Proton Beam Intensity, Toroid
Agreement, Peak Horn Current, Targeting Efficiency, and GPS Time Difference.
Proton Beam Intensity: The intensity of the primary proton beam is measured on
a spill-by-spill basis using TOR875, a torodial current transformer. Since the proton beam
typically contains 5 × 1012 protons per pulse, at least 0.1 × 1012 protons per pulse are
required per beam spill.
Toroid Agreement: To ensure the proton beam is properly transported, the fractional
difference between two torodial current transformers, TOR860 and TOR875, located at two
different positions along the beamline must be within 10%.
Peak Horn Current: For accurate magnetic field focusing of the charged particles in
the beamline, the absolute value of the peak magnetic horn current must be above 170 kA.
Targeting Efficiency: The targeting efficiency, which is the fraction of the proton
beam passes through the entire length of the Be target and estimated using beam position
monitors, must be greater than 95%.
GPS Time Difference: The difference between the beam and SciBooNE detector
GPS time stamps, |tbeam − tdet|, is required to be within 10 msec for beam and detector
information to be correctly merged.
Table 5.2 summarizes beam quality cuts and fractions of the total number of protons
on target that fail each cut. The total efficiency of these cuts are 99.5%. Pedestals, the
supplied high-voltages, and responses to cosmic-ray muons of each sub-detector, and the
response of SciBar to the LED light, are monitored continuously, and only the periods where
all the sub-detectors are functioning are selected.
5.3.2.2 SciBooNE Data Efficiency and Stability
SciBooNE data collection during its entire run period was efficient and stable. The data
collection efficiency, defined as the total data analyzed relative to the total data delivered,
during its entire run period is 95.5% as shown in Fig. 5.1. Fig. 5.2 shows the constant rate
for which charged current candidate events are gathered in SciBar and MRD as a function
of time during the SciBooNE run period.
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Cut Parameters of Cut Fail Fraction
Proton Beam Intensity TOR875 > 0.1× 1012 protons per pulse 0.06%
Toroid Agreement 2× |TOR875−TOR860|(TOR875+TOR860) < 10% 0.07%
Peak Horn Current |Ipeak| > 170 kA 0.09%
Targeting Efficiency target > 95% 0.15%
GPS Time Difference |tbeam − tdet| < 10 msec 0.13%
Table 5.2: SciBooNE beam quality checks and fractions of the total number of protons on
target that fail each check.
5.3.2.3 MiniBooNE Data Quality Checks
MiniBooNE data must also pass five quality cuts: GPS Time Difference, Toroid Agree-
ment, Horn Current Agreement, Targeting Efficiency, Buffer Latency. The efficiency of the
MiniBooNE data quality checks is 98%.
GPS Time Difference: Both the beam and MiniBooNE detector data streams must
exist and have matching GPS time stamps.
Toroid Agreement: To ensure the proton beam is properly transported, the fractional
difference between two torodial current transformers, TOR860 and TOR875, located at two
different positions along the beamline must be within 10%.
Horn Current Agreement: For accurate magnetic field focusing of the charged parti-
cles in the beamline, the absolute value of the peak magnetic horn current must be between
170 kA and 180 kA.
Targeting Efficiency: The targeting efficiency, which is the fraction of the proton
beam passes through the entire length of the Be target and estimated using beam position
monitors, must be greater than 95%.
5.3.2.4 MiniBooNE Data Stability
MiniBooNE data collection during its entire run period was efficient and stable. Fig. 5.3
shows the stability in the rate of neutrino and antineutrino events collected during the
length of the MiniBooNE run period.
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Figure 5.1: History of the accumulated number of protons on target (POT) for the entire
SciBooNE data run. The first and third time periods correspond to the antineutrino mode
runs used in the analysis. The solid blue line is the cumulative protons on target delivered
and the dashed blue line is the cumulative protons on target collected for analysis.
(a) SciBar Event Stability (b) MRD Event Stability
Figure 5.2: The number of charged current candidate events normalized to the number of
protons on target as a function of time in SciBar (left) and in MRD (right). The first and
third time periods for both figures correspond to the antineutrino mode running.
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Figure 5.3: The rate at which neutrinos and antineutrino events are collected during the
length of the MiniBooNE run period.
5.4 SciBooNE CC Inclusive Event Selection
The goal is to select muon antineutrinos that interact in the SciBar fiducial volume, resulting
in a µ+ that is fully contained in SciBar and MRD for accurate energy reconstruction. The
corresponding observed event in the SciBooNE detector for this interaction will be an event
containing a µ+ track. To boost statistics, all charged current events are selected irrespective
of the number of charged particles produced in association with the µ+. The SciBooNE
detector cannot distinguish the charge of the muon (a µ+ track in the detector is identical to
a µ− track in the detector) so µ− events created from νµ contamination in the antineutrino
beam remains an intrinsic background. Figure 5.4 shows a candidate muon antineutrino
event from SciBooNE data for top (X-Z plane) and side (Y-Z plane) views.
5.4.1 Initial Cuts
An initial set of cuts is used to select events with a candidate µ+ track. The initial cuts re-
move the vast majority of events containing cosmic muons and neutrino-nucleus interaction
events occurring outside the desired fiducial volume.
Selected events must contain reconstructed SciBar tracks created by charged particles
originating in the SciBar fiducial volume (FV), defined to be ±130 cm in both the x and y
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Figure 5.4: Event display in top (X-Z plane) and side (Y-Z plane) views of a muon antineu-
trino charged current quasielastic candidate in SciBooNE antineutrino run data.
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dimensions, and 2.62 < z < 157.2 cm; this region corresponds to a total mass of 10.6 tons.
This requirement removes the events with neutrino-nucleus interaction events occurring
outside the SciBooNE detector.
The Muon Confidence Level (MuCL) is a particle identification variable for reconstructed
SciBar tracks constructed using the observed energy deposit per SciBar layer and has the
ability to distinguish different charged particles based on their dE/dx. More can be found in
Reference [51]. If there exists a SciBar track with a MuCL value above 0.05, corresponding
to a high probability that a muon is selected, among all the SciBar tracks within the
SciBar FV, then the event is selected and that SciBar track is designated as the candidate
µ+ track. Events with more than one SciBar track with MuCL value above 0.05 has the
highest momentum track with a MuCL value above 0.05 designed as the candidate µ+ track.
In addition, the mean time of the candidate µ+ track (t) must be within the antineutrino
beam time window of 0 < t < 2 µs to remove cosmic muons. The candidate µ+ track must
also have a reconstructed momentum (described in Subsections 5.4.2 and 5.4.3) greater than
0.25 GeV/c to reject short proton or pion tracks from NC interactions.
Events with a candidate µ+ track are then divided into two separate sub-samples based
on whether the candidate µ+ track stops in SciBar or MRD. Selected events with the
candidate µ+ track stopping in SciBar are classified as SciBar Stopped events and selected
events with the candidate µ+ track stopping in the MRD are classified as MRD Stopped
events. Both SciBar Stopped and MRD Stopped events are used in the analysis.
5.4.2 SciBar Stopped Events
For the event to be classified as SciBar Stopped, the candidate µ+ track must have been
fully contained within SciBar. This requires that the candidate µ+ track for the event must
not satisfy the SB-MRD matching (described in Subsection 5.1.4) with any MRD track or
collection of MRD hits in the event.
All candidate µ+ tracks are assumed to be forward going (µ+ with initial position
upstream and final position downstream) unless there is enough information to label it as
backward going (µ+ with initial position downstream and final position upstream). The
decay e+ from the µ+ are used to identify the direction of the candidate µ+ tracks. The
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decay electron signal is selected by requiring delayed TDC hits at the ends of the muon
tracks. The coincidence of the TDC signal from the X-Z plane view and the Y-Z plane view
is required to remove hits from random noise or after pulses. To select the decay e+ and
identify the track as backwards going, at least one delayed hit with t > 200 nsec is required
at the upstream end and no delayed hit with t > 200 nsec is required at the downstream
end. The same selection method is also used to identify the direction of µ− tracks created
from the intrinsic νµ background.
For SciBar Stopped events, the kinetic energy of the µ+, Eµ+ , is equal to the energy of
the candidate µ+ track deposited in SciBar, ESciBarµ+ . E
SciBar
µ+ is calculated from the length
of the candidate µ+ track using a range to energy conversion table shown in Figure 5.5.
Range in SB (cm)











Figure 5.5: Range to muon energy conversion table used to reconstruct ESciBarµ+ for SciBar
Stopped events.
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The momentum of the candidate µ+ is calculated from the kinetic energy of the can-
didate µ+ track. The angle of the candidate µ+ is determined by the angle of the SciBar
track representing the candidate µ+ track relative to the antineutrino beam (+z) direction.
Figure 5.6 shows the same SciBar Stopped event before any reconstruction and after the
candidate µ+ track has been reconstructed and selected. The green line is the reconstructed
candidate µ+ track.
5.4.3 MRD Stopped Events
For the event to be classified as a MRD Stopped event, the candidate µ+ track must have
been fully contained within SciBar and the MRD. This requires that the candidate µ+
track for the event must satisfy the SB-MRD matching (described in Subsection 5.1.4)
and not exit the side or downstream end of the MRD. The latter requirement means that
the downstream end of the SB-MRD matched track must be between ±132 cm in the x
dimension of MRD, ±110 cm in the y dimension of MRD, and have a z position upstream
of the last layer of MRD.
Unlike SciBar Stopped events, all candidate µ+ tracks for the MRD Stopped category
are assumed to be forward going since the percentage of backward going candidate µ+ tracks
are estimated by simulation to be small and decay e+ tagging in the MRD is impossible.
The containment of the candidate µ+ track within the entire SciBooNE detector ensures
that the muon energy is correctly reconstructed. For MRD Stopped events, the total kinetic














µ+ , and E
MRD
µ+ are the expected kinetic energy deposit by a µ
+ in
the SciBar, the EC, the wall of the dark box between EC and MRD, and the MRD, respec-
tively. ESciBarµ+ for MRD Stopped events is calculated differently from E
SciBar
µ+ for SciBar
Stopped events. ESciBarµ+ , E
EC
µ+ , and E
Wall
µ+ are each calculated using a single length to en-
ergy conversion factor determined through MC simulation of energy deposition. The values
used for the energy reconstruction are: ESciBarµ+ /(per unit track length) = 2.04 MeV/cm,
EECµ = 90.8/ cos θµ+ MeV, and E
Wall
µ+ = 3.3/ cos θµ MeV, where cos θµ is the cosine of the
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(a) Before Track Reconstruction
(b) After Track Reconstruction
Figure 5.6: Event display in top (X-Z plane) and side (Y-Z plane) views of a SciBar Stopped
event in antineutrino run data before (top) and after (bottom) track reconstruction. The
blue line is the reconstructed candidate µ+ track.
angle of the candidate µ+ track relative to the antineutrino beam (+z) direction. EMRDµ+ is
calculated using the range to energy conversion table shown in Figure 5.7.
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Range in MRD (cm)













Figure 5.7: Range to muon energy conversion table used to reconstruct EMRDµ for MRD
Stopped events.
The momentum of the candidate µ+ is calculated from the kinetic energy of the candi-
date µ+ track. The angle of the candidate µ+ is determined by the angle of the SB-MRD
Matched track representing the candidate µ+ track relative to the antineutrino beam (+z)
direction.
Figure 5.8 shows the same MRD Stopped event before SB-MRD Matching and after the
candidate µ+ track has been fully reconstructed and selected.
5.4.4 Data Events
SciBooNE has no overburden so a small number of cosmic backgrounds do pass through the
selection criteria and must be accounted for. Instead of estimating the cosmic backgrounds
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(a) Before SB-MRD Matching
(b) After SB-MRD Matching
Figure 5.8: Event display in top (X-Z plane) and side (Y-Z plane) views of a MRD Stopped
event in antineutrino run data before (top) and after (bottom) SB-MRD matching. In the
top figure, the blue line is the reconstructed SciBar track and the dashed red line is the
reconstructed MRD track. The long orange line in the bottom figure is the reconstructed
candidate µ+ track.
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in the data through MC simulation, cosmic backgrounds are estimated when the neutrino
beam is turned off and its estimation is subtracted from data. For cosmic background
estimation, the same muon selection criteria are applied to a beam-off time window that is
five times longer than the beam-on window for better statistics. This event rate is scaled
down by a factor of five and subtracted from the beam-on data. After selection, the beam-off
data is less than 8% of the beam-on data.
5.5 MiniBooNE CCQE Event Selection
The goal of the selection cuts is to select events where a muon antineutrinos undergoes a
quasielastic charged current interaction in the MiniBooNE fiducial volume. The interaction
proceeds as follows:
1 : ν¯µ + p → µ+ + n
2 : ↪→ e+ + νe + ν¯µ
where each line (labeled 1 and 2) represents a separate MiniBooNE subevent. The resulting
signal is therefore two subevents both from the produced µ+, one associated with the µ+
itself and the other associated with its decay e+.
One large source of background is ν¯µ undergoing charged current single-pion production,
which proceeds as follows:
1 : ν¯µ + n→ µ+ + n+ pi−
↪→ µ− + ν¯µ
2 : ↪→ e+ + νe + ν¯µ
3 : ↪→ e− + ν¯e + νµ
where each line (labeled 1 and 2 and 3) represents a separate MiniBooNE subevent. The
pi− decays immediately and light from the µ− gets added to the light from the primary
antineutrino interaction in subevent 1. Though this background interaction generally has
3 subevents, it is possible for the pi− in subevent 1 to be absorbed in the nucleus resulting
in the lack of subevent 3 or it is possible for the µ− in subevent 1 to be captured on a 12C
resulting in the lack of subevent 3, mimicking the desired two subevent signal.
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Figure 5.9: Event display of a muon antineutrino charged current quasielastic candidate in
MiniBooNE.
The MiniBooNE detector cannot distinguish between a particle’s charge (a µ+ track
in the detector is identical to a µ− track in the detector) so a µ− created via quasielastic
charged current interaction from νµ contamination in the antineutrino beam remains an
intrinsic background. Some of the background µ−s are captured on carbon nuclei and this
process is simulated in the MC. These specific background events are therefore not selected.
Figure 5.9 shows a candidate muon antineutrino event from MiniBooNE.
The sequence of cuts used to select the MiniBooNE candidate CCQE µ+ events are
summarized in Table 5.3.
The first cut (Cut 1), which is the number of veto hits < 6 per event, rejects events
containing cosmic muons and antineutrino-induced or neutrino-induced events occurring
outside the MiniBooNE main detector volume. The first cut also removes events where
any of the antineutrino or neutrino interaction products escape the main detector volume,
ensuring that correct energy reconstruction, or events produced in the surrounding material.
The second cut (Cut 2) requires that the candidate µ+ is produced in coincidence with the
antineutrino beam window and removes random cosmic or muon decays. The third cut
(Cut 3) ensures that the reconstructed primary µ+ vertex is located within a fiducial region
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Cut # Description
1 all subevents, # of veto hits < 6
2 1st subevent, event time window, 4400 < T (ns) < 6400
3 1st subevent, reconstructed vertex radius < 500 cm
4 1st subevent, kinetic energy > 200 MeV
5 1st subevent, µ/e log-likelihood ratio > 0.0
6 # total subevents = 2
7 1st subevent, minimum µ− e vertex separation distance
Table 5.3: List of cuts for the MiniBooNE CCQE µ+ event selection.
in the main detector volume sufficiently far from the PMTs for accurate reconstruction.
The fourth cut (Cut 4) sets a minimum lower bound on the candidate µ+ kinetic energy
for reliable reconstruction.
The fifth cut (Cut 5) requires that the candidate primary µ+ is better fit as a µ± than
as a e±. Misreconstructed and multi-particle events tend to prefer the e± hypothesis so this
cut reduces these kind of background events. More information about the µ/e log-likelihood
ratio can be found in Reference [99]. The sixth cut (Cut 6) extracts the CCQE antineutrino
interaction by requiring exactly 2 subevents. At least 20 PMT hits are required for the latter
subevent to reduce the probability of accidental coincidences with the initial antineutrino
interaction.
The seventh cut (Cut 7) uses the µ-e vertex separation distance, the measured separation
between the reconstructed µ and e vertices, to ensure that the e+ is correctly associated
with the µ+. The value of the minimum µ-e vertex separation distance must be at least
100 cm and increases further as a function of µ+ kinetic energy. More information about
the cut can be found in Reference [75].
After all cuts, the candidate µ+ kinematics are determined through the MiniBooNE
event reconstruction model described in Section 5.2.
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5.6 Antineutrino Energy Reconstruction
The ν¯µ energy can be entirely reconstructed using the kinematics of the detected candidate
µ+ along with a few reasonable assumptions. The ν¯µ energy in both the selected MiniBooNE
CCQE interaction and SciBooNE CC interaction events are reconstructed in exactly the
same method.
Though the selected events include ν¯µ and νµ interactions on carbon and hydrogen in
the detectors, the reconstructed antineutrino energy is based on the assumption that the
interaction is always a ν¯µ CCQE interaction with a proton at rest in carbon: ν¯µ+p→ µ++n.
Hence, it is just a function of the measured energy and direction of the outgoing µ+. The
equation for reconstructed antineutrino energy is:
EQEν =
M2n − (Mp − EB)2 −M2µ + 2 (Mp − EB)Eµ
2 (Mp − EB − Eµ + Pµ cos θµ) , (5.2)
where Mn and Mp are the mass of the neutron and proton, Mµ, Eµ, Pµ, and θµ are the
mass, total energy, momentum, and direction of the outgoing µ+, and EB is the binding
energy (30 MeV for protons in carbon). The total energy Eµ of the outgoing µ
+ is just the
sum of the total kinetic energy Eµ+ of the µ
+ (the value extracted from the MiniBooNE
event reconstruction single track model described in Section 5.2 for MiniBooNE events
and defined in Subsections 5.4.2 and 5.4.3 for SciBar Stopped and MRD Stopped events,
respectively) and the rest mass of the µ+.
Equation 5.2 is applied to all selected MiniBooNE and SciBooNE events in data and
MC, even though a sizeable fraction of the events are from the νµ in the antineutrino beam
and/or are not CCQE (i.e. charged current single pi (CC1pi), charged current multi-pion
(CC multi-pion), or NC events misidentified as CCQE events). The impact of the CCQE
reconstruction assumption, which leads to reduced accuracy in reconstructed energy for
non-CCQE events, is accounted for in MC, which includes these selected non-CCQE events
and various effects associated with scattering off the carbon nucleus.
Figure 5.10 show the reconstructed antineutrino energy resolution, defined as:
reconstructed EQEν − true Eν
true Eν
,
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for all MC selected events and true CCQE MC selected events in SciBooNE. Since Sci-
BoooNE selects for all CC events, selected events with associated pi production underes-
timates the reconstructed antineutrino energy because the pi carries away energy and the
antineutrino energy is solely reconstructed from the muon energy. Hence, these events cre-
ate the antineutrino energy resolution hump at values less than 0 in (a) of Figure 5.10.
Table 5.4 shows the standard deviations of the Gaussian fits to the reconstructed antineu-
trino energy resolution distributions for selected MC MiniBooNE and SciBooNE CCQE
and total events. Figure 5.11 shows the reconstructed EQEν compared to the true Eν for
selected MC CCQE events and non-CCQE events in MiniBooNE.
(a) SciBooNE Eν Resolution for all MC Events (b) SciBooNE Eν Resolution for true CCQE MC
Events





) for all and true CCQE selected MC events. The black curves
show the Gaussian fits to the reconstructed antineutrino energy resolution.
The reconstructed antineutrino energy, EQEν , for selected MiniBooNE and SciBooNE
data and MC events are binned in a 21-bin histogram that captures the shape of the energy
distribution while maintaining adequate statistics in each bin. The binning goes from 300
MeV to 1.9 GeV, with individual bin widths as follows: bin 1, 100 MeV; bins 2-19, 66.7
MeV; bin 20, 100 MeV; bin 21, 200 MeV. The first and last two bins are wider to ensure
adequate event statistics in data and MC.
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interaction type MiniBooNE SciBooNE
CCQE 8.3% 9.6%
total 13.9% 24.6%
Table 5.4: The standard deviations (σ) of the Gaussian fits to the reconstructed antineutrino
energy resolution distributions for selected MC MiniBooNE and SciBooNE CCQE and total
events.
5.7 Composition of the Selected MiniBooNE and SciBooNE
Events
The composition and properties of the selected MiniBooNE and SciBooNE events is under-
stood by examining the truth variables of the selected MC simulation events. Figure 5.12
shows the predictions for reconstructed antineutrino and neutrino energy distributions,
which corresponds to the selected ν¯µ and νµ events in the antineutrino beam, in Mini-
BooNE by interaction type: CCQE, CC1pi, and all other interaction types (CC multi-pion
and NC). Figure 5.13 shows the predictions for reconstructed antineutrino and neutrino en-
ergy distribution in SciBooNE by interaction type: CCQE, CC1pi, and other (CC multi-pion
and NC). νe and ν¯e events in the selected MiniBooNE and SciBooNE events are negligible
and not shown.
Table 5.5 shows the numerical values for the MC predictions of selected MiniBooNE and
SciBooNE events by neutrino and interaction type. The efficiency, defined as the number
of selected MC events of a specific type divided by the number of MC events of the same
type predicted to interact in the fiducial volume of the detector, of the MiniBooNE selection
criteria for CCQE ν¯µ events is 30%. The efficiencies of the SciBooNE selection criteria for
CC inclusive and CCQE ν¯ events are 37% and 35%, respectively.
Figure 5.14 shows the predicted reconstructed antineutrino and neutrino energy dis-
tributions for selected events on hydrogen and carbon nuclei in MiniBooNE. Figure 5.15
shows the predicted reconstructed antineutrino and neutrino energy distributions for se-
lected events on hydrogen and carbon nuclei in SciBooNE.
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(a) CCQE events
(b) non-CCQE events
Figure 5.11: 2D histogram of true Eν versus reconstructed E
QE
ν for selected CCQE events
(top) and selected non-CCQE events in MiniBooNE. The black line is at y=x.









































(b) MiniBooNE WS Events
Figure 5.12: Reconstructed antineutrino and neutrino energy (EQEν ) distributions for se-
lected RS and WS MiniBooNE events for different interaction types (CCQE, CC1pi, other)
from MiniBooNE MC. Total events are represented by the solid line, CCQE interaction
events are represented by the dashed line, CC1pi interaction events are represented by the
dot-dashed line, and all other interaction (CC multi-pi or NC) events are represented by the
short-dashed line.







































(b) SciBooNE WS Events
Figure 5.13: Reconstructed antineutrino and neutrino energy (EQEν ) distributions for se-
lected RS and WS SciBooNE events for different interaction types (CCQE, CC1pi, other)
from SciBooNE MC. Total events are represented by the solid line, CCQE interaction
events are represented by the dashed line, CC1pi interaction events are represented by the
dot-dashed line, and all other interaction (CC multi-pi or NC) events are represented by the
short-dashed line.
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MiniBooNE SciBooNE
interaction type ν¯ events ν events ν¯ events ν events
CCQE 37428 9955 4619 1359
CC1pi 8961 2593 1735 1006
CC multi-pi or NC 2364 460 959 610
Total 48753 13008 7313 2975
Table 5.5: MC predictions for the number of selected events by neutrino and interaction
type for both MiniBooNE and SciBooNE.
The difference in shape between the SciBooNE RS (WS) and MiniBooNE RS (WS)
energy distributions is mainly due to different event selection criteria between MiniBooNE
and SciBooNE. MiniBooNE selects for CCQE interaction events and SciBooNE selects
for all CC interaction events so the SciBooNE sample has a larger percentage of non-
CCQE interaction events. Since the antineutrino energy reconstruction is based on a CCQE
interaction assumption, there are more SciBooNE events with a larger discrepancy between
true antineutrino energy and reconstructed antineutrino energy than in MiniBooNE, leading
to shape differences. Differences in selection efficiency, antineutrino flux at the detector
locations, and background rejection between MiniBooNE and SciBooNE also contribute to
the shape differences.
Figure 5.16 shows the distribution of the combined antineutrino and neutrino propaga-
tion distances, from production in the decay tunnel to interaction in SciBooNE or Mini-
BooNE. The difference in the MiniBooNE and SciBooNE distribution shapes is due to a
combination of different selection efficiencies and path length resolutions between Mini-
BooNE and SciBooNE. MiniBooNE selects proportionally more neutrino and antineutrino
events from lower energy pi and K than SciBooNE and lower energy pi and K tend to
decay upstream in the decay tunnel, leading to a longer path length. In addition, Sci-
BooNE is much closer to the neutrino and antineutrino production source than MiniBooNE
so SciBooNE has better path length resolution than MiniBooNE (MiniBooNE path length
resolution is smeared over the much longer distance). Since MiniBooNE and SciBooNE both









































(b) MiniBooNE WS Events
Figure 5.14: Reconstructed antineutrino and neutrino energy (EQEν ) distributions for se-
lected RS and WS MiniBooNE events on different target types (hydrogen or carbon) from
MiniBooNE MC. Total events are represented by the solid line, events with interaction on
carbon are represented by the dashed line, and events with interaction on hydrogen are
represented by the dot-dashed line.







































(b) SciBooNE WS Events
Figure 5.15: Reconstructed antineutrino and neutrino energy (EQEν ) distributions for se-
lected RS and WS SciBooNE events on different target types (hydrogen or carbon) from
SciBooNE MC. Total events are represented by the solid line, events with interaction on
carbon are represented by the dashed line, and events with interaction on hydrogen are
represented by the dot-dashed line.
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select low energy neutrinos from pi+ and K+ produced at the upstream end of the decay
tunnel (with the longer neutrino path length), these low energy neutrino events manifest
as a sharp peak at large path length (≈ 100 m) in SciBooNE while these low energy events
are smeared out over the longer path lengths in MiniBooNE.
path length (m)



















(a) MiniBooNE (anti)neutrino path lengths
path length (m)















(b) SciBooNE (anti)neutrino path lengths
Figure 5.16: Antineutrino and neutrino path lengths for MiniBooNE and SciBooNE events
from point of production to interaction in detector, as predicted by the MC simulation.
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5.8 Event Reconstruction and Selection Results
In conclusion, the combination of accurate event reconstruction and selection effectively
produces significant samples with large percentages of the desired MiniBooNE CCQE and
SciBooNE CC inclusive events. Though ν events are an intrinsic background and cannot
be removed through selection, MC predicts that 61% of all events selected in MiniBooNE
are CCQE ν¯ events and 71% (45%) of all events selected in SciBooNE are CC inclusive
(CCQE) ν¯ events. The MiniBooNE selection criteria retains 30% of all CCQE ν¯µ events
interacting in the MiniBooNE fiducial volume according to MC. The SciBooNE selection
criteria retains 37% (35%) of all CC inclusive (CCQE) ν¯ events interacting in the SciBar
fiducial volume according to MC.
MiniBooNE and SciBooNE reconstruction also accurately reproduces the antineutrino
energy for selected CCQE events (and non-CCQE events to a lesser degree). The Mini-
BooNE selected sample has a 8.3% (13.9%) standard deviation on the Gaussian fit to the
energy resolution for CCQE (all) events. The SciBooNE selected sample has a 9.6% (24.6%)
standard deviation on the Gaussian fit to the energy resolution for CCQE (all) events. The
antineutrino energy reconstruction will determine both the data and MC reconstructed
antineutrino energy distributions, the comparison of which will ultimately test the theory
proposed in this analysis.
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Chapter 6
Uncertainties
The purpose of this chapter is to characterize and quantify all the uncertainties that are asso-
ciated with the analysis. All the uncertainties are then combined into a 42 × 42 covariance
matrix (error matrix), which encodes the uncertainty of each reconstructed antineutrino
energy bin in MiniBooNE and SciBooNE and its correlated uncertainties to all other recon-
structed antineutrino energy bins in MiniBooNE and SciBooNE. The error matrix, with all
the uncertainties encapsulated, will ultimately be used in the analysis fit to determine the
final result.
The systematic uncertainties considered in the analysis can be divided into three ma-
jor categories: antineutrino flux, neutrino interaction, and detector specific. Antineutrino
flux uncertainties are uncertainties involving meson production and interaction at the Be
target through magnetic horn focusing up to the neutrino beam flux. Neutrino interaction
uncertainties includes neutrino cross section uncertainties and subsequent nuclear interac-
tion uncertainties. If the underlying systematic uncertainty is common between MiniBooNE
and SciBooNE, the systematic uncertainty is treated as correlated between MiniBooNE and
SciBooNE. It should be noted that much of the flux and neutrino interaction uncertainties
cancel in this analysis since they are common between MiniBooNE and SciBooNE. Detector
specific uncertainties are associated with modeling efficiencies of particle propagation and
observation in the detector including size and mass uncertainties, which are unique to each
detector.
The chapter is organized as follows. The multsim method of handling correlated uncer-
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tainties is first described. Antineutrino flux and neutrino interaction uncertainties are then
characterized and quantified. Detector uncertainties for both MiniBooNE and SciBooNE
are then discussed. A short explanation on the treatment of statistical uncertainties fol-
lows. The description of the construction of the combined error matrix is next. Finally, the
chapter concludes with the presentation of the combined error matrix, its properties, and
some final comments.
6.1 Multsim Method and Reweighting
Antineutrino flux and neutrino interaction uncertainties are calculated for both MiniBooNE
and SciBooNE using the multisim method [100], which handles a large number of correlated
uncertainties. To understand the multisim method, it is necessary to understand how an
uncertainty is characterized in an error matrix for uncorrelated uncertainties. Assume there
is a single source of uncertainty in parameter α called δα so that α ± δα. To understand
the effect the uncertainty of α has on the antineutrino energy distribution, create two
antineutrino energy distribution predictions, one with the default value of α, pαi , and one




i ) values are the correlated set of predicted number
of events in each of the antineutrino energy bins for parameter α (α′). The elements of the
covariance matrix, also called the error matrix, which represent the correlated uncertainties
between energy bins i and j due to α± δα are:
Mαij = (p
α
i − pδi )(pαj − pδj). (6.1)
If α has no effect on the energy distribution, then pαi − pδi = 0 and the elements of the
error matrix are all 0. If all the uncertainties are uncorrelated, it is possible to vary each
source of systematic uncertainty by one standard deviation and rerun the entire prediction
with each change. This is called the unisim method. The combined error matrix is then
just the sum of all the covariance matrices for the different systematic uncertainties.
In this analysis, many of the uncertainties are correlated. For example, the total amount
of light detected in MiniBooNE is constrained by calibration measurements. Therefore, the
scintillation light and Cherenkov light cannot both be increased simultaneously. A variation
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of the scintillation light within its uncertainty must imply a variation of the Cherenkov light
for the sum to remain constant.
To account for correlations, the multisim method is used. The multisim method is an
extension of the unisim method. Instead of varying one parameter α, one varies a set
of correlated parameters ~α = (α1, α2, ..., αN ) in a correlated way. For example, instead
of varying scintillation and Cherenkov light individually, scintillation light and Cherenkov
light would be varied within their individual errors in their allowed phase space region while
requiring the total amount of light to be fixed.
The way ~α can be varied in a correlated fashion is to Chelosky decompose the correlated
covariance matrix of the parameters (the covariance matrix quantifies how the parameters
are correlated). The decomposition is always possible since a covariance matrix is always
at least positive semi-definite and therefore can always be closely approximated as positive
definite by adding small, negligible terms to some of the elements if necessary. The Chelosky
decomposition of the covariance matrix results in a product of a lower triangular matrix
and its transpose. With the lower triangular matrix and a set of independent standard
normally distributed random variables, ~α can be varied in a correlated fashion within its
parameter space.
Similar to the unisim method, a prediction pk is created for each draw ~αk from the
allowed parameter space. For example, let the prediction pk be the antineutrino energy
distribution. Each prediction pk represents a different antineutrino energy distribution
corresponding to its draw ~αk. With a large number of draws, the entire parameter space of
~α can be covered and therefore all possible antineutrino energy distribution variations (the
pk predictions) from the entire parameter space of ~α are considered.







(pcvi − pki )(pcvj − pkj ) (6.2)
where N is the total number of draws used, pcv represents the central value prediction
using the default set of ~α, and pk represents the varied prediction using draw k of ~α. For a
Gaussian distributed error of α ± δα considered in the unisim case, one draw is sufficient;
for other situations, more draws are required. The advantage of the multisim method is
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that it can be applied when ~α is correlated, when the unisim method cannot be used. In
the case of 1 parameter and 1 prediction value, 1000 draws would map out the effect on the
prediction due to the parameter to the ∼ 3% level. More information can be found under
Reference [100].
To run the multisim method(thousands of draws of ~α) would require substantial comput-
ing resources if the antineutrino flux and neutrino interaction MC predictions were rerun
for each draw. To avoid this problem, the “reweighting” method is used to calculate a
new weight for a default MC event, instead of generating an entirely new event. For all
MC events, important underlying parameter information is stored (e.g. neutrino energy,
distance traveled, cross section interaction type and kinematics, neutrino parent type and
kinematics, muon kinematics). Now, instead of rerunning the entire simulation, a weight,
wtk, is applied to each event based on the change due to a particular ~α throw. A weight is
then applied for all events to form a new prediction. The weight is the effect of changing
underlying parameters ~α (e.g. the ratio of the cross section with a change to the axial mass,
wt = σ(MA=1.28)σ(MA=1.35)). Reweighting is used for the antineutrino flux and neutrino interaction
systematics, and some detector systematics.
For each of the antineutrino flux and neutrino interaction uncertainties and some de-
tector uncertainties, 1000 draws were used to form the error matrices to minimize both
statistical limitations of the draws and computational time. The error matrix for the cor-
related uncertainties, binned in the relevant parameter(s), is Cholesky decomposed and its
elements are used to determine the 1000 draws for reweighting. The 1000 draws for each
event are then combined with the specific parameters of the event to find the 1000 variational
weights for the event. The 1000 variational weights for each neutrino or antineutrino event,
after combining for all events, correspond to 1000 antineutrino energy distribution predic-
tions. For each uncertainty, as a binned function of reconstructed antineutrino energy, the
1000 predictions are combined with the central value prediction according to Equation 6.2
to form the energy bin error matrix of the specific uncertainty. Correlated uncertainties
between MiniBooNE and SciBooNE are given the same 1000 reweighting draws for every
MiniBooNE and SciBooNE event. Uncorrelated uncertainties between MiniBooNE and
SciBooNE are given different 1000 reweighting draws between MiniBooNE and SciBooNE
CHAPTER 6. UNCERTAINTIES 86
events. The error matrices for the separate uncertainties are ultimately combined to form
the error matrix used in the fit of the analysis. Further discussion on error matrices can be
found in Reference [100].
6.2 Antineutrino Flux Uncertainties
The antineutrino flux uncertainties pertains to all relevant uncertainties up to and including
the generation of the antineutrino flux. The sources of antineutrino flux uncertainties, in
order of production, are:
1. p-Be hadronic cross sections for νµ events
2. p-Be hadronic cross sections for ν¯µ events
3. pi+ production in the antineutrino beam flux
4. pi− production from initial p-Be interaction
5. K+ production from initial p-Be interaction
6. K0 production from initial p-Be interaction
7. K− production from initial p-Be interaction
8. magnetic field and skin effect produced by the horn for νµ events
9. magnetic field and skin effect produced by the horn for ν¯µ events
The dominant antineutrino flux uncertainties are the pi+ and pi− production uncertain-
ties with a significant contribution coming from the magnetic horn-related uncertainties.
Through pi+ → νµ + µ+, parent pi+ production cross section uncertainties are relevant
in this ν¯µ analysis due to the large fraction of selected background νµ events. Parent pi
+
production cross section uncertainties for both the initial p-Be interaction and subsequent
hadronic interactions are constrained by direct measurements of νµ in the antineutrino
beam flux using MiniBooNE [101; 102]. The beam fraction of νµ in the antineutrino beam
was determined using three methods: a pure data sample of νµ events from CC1pi inter-
actions, differences in Michel electron rates between final state µ− and µ+ from νµ and ν¯µ
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interactions, respectively, due to µ− capture on carbon, and angular distribution differences
between final state µ− and µ+ from νµ and ν¯µ interactions, respectively. Averaging these
three methods, the pi+ production in the beam MC was scaled by a factor of 0.78 and
given a 12.8% normalization uncertainty. For this analysis, all parent pi+ neutrino events in
the antineutrino beam are given a 12.8% Gaussian distributed normalization uncertainty,
regardless of its kinematic properties.
Parent pi− production cross section uncertainties from the initial p-Be interaction are
calculated using the HARP experiment data and covariance matrix [103]. A spline is created
from the HARP data set to interpolate across relevant ppi− and θpi− values. Each parent
pi− antineutrino event is weighted the ratio of wt = σsplineσSW 1000 times (corresponding to the
1000 draws), where σspline is the new pi
− cross section calculated from the spline and σSW is
the cross section according to the default Sanford-Wang parameterization [3], to determine
the uncertainty of the parent pi− production uncertainty for a given event.
The parent K+ production cross section uncertainties from the initial p-Be interaction
are formed by taking correlated draws from the Feynman scaling covariance matrix [48]
based on the recent SciBooNE measurement [104]. The weight of the parent K+ neutrino





, the ratio of the new cross section with the drawn cki
Feynman parameterization to the default σFS Feynman scaling prediction cross section.
The parent K0 production cross section uncertainties from the initial p-Be interaction
are formed by taking correlated draws from the Sanford-Wang parameterization covariance
matrix [3]. The weight for a parent K0 neutrino event is wt =
σci
σSW
, the ratio of the new cross
section with the drawn ci Sanford-Wang parameterization to the default σSW Sanford-Wang
prediction cross section. K− production is estimated using the MARS hadronic interaction
package [50] due to the scarcity of production measurements in the relevant kinematic
regions and is not well understood so parent K− antineutrino events are given a conservative
100% Gaussian distributed normalization uncertainty, regardless of its kinematic properties.
p-Be hadronic cross sections uncertainties include uncertainties involving the secondary
nucleon and pion interactions in the Be target and Al magnetic horn after initial parent
pion production. The magnetic field uncertainty can be described by an uncertainty in the
magnetic horn current of ±1 kA. The uncertainty in the skin effect of the Al magnetic horn
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can be described by an uncertainty in the skin depth of ±1.4 mm. The p-Be hadronic cross
section, horn magnetic field and skin effect uncertainties are quantified by rerunning the
beam simulation for each lower and upper one standard deviation change and producing a
series of histograms as a function of neutrino energy, radial distance away from center of
beam z-axis, and neutrino type for each simulation. The series of histograms are combined
to form an error matrix of the uncertainties as a function of neutrino energy and radial
distance using the unisim method. Draws from this neutrino energy and radial distance
binned error matrix are used to form the systematic predictions for the p-Be hadronic
cross section, horn magnetic field and skin effect uncertainties. Separate error matrices are
produced for the uncertainties of νµ events and ν¯µ events.
Figure 6.1 shows the flux error matrix and its correlations as a function of reconstructed
antineutrino energy bins in MiniBooNE and SciBooNE. The limits of the 21 reconstructed
antineutrino energy bins, which are the same for both MiniBooNE and SciBooNE, are listed
in Table 6.2. Bins 1-21 are MiniBooNE and bins 22-42 are SciBooNE.
6.3 Neutrino Interaction Uncertainties
The neutrino interaction uncertainties includes all relevant uncertainties that involve the
initial neutrino-nuclear interaction, such as cross section uncertainties, and subsequent nu-
clear interaction modeling. The cross section uncertainties are represented by uncertainties
in the axial mass of the neutrino-nucleus dipole model used to calculate the cross sections.
The sources of neutrino interaction uncertainties are:
1. charged current quasielastic axial mass on carbon target
2. κ, the Pauli blocking parameter
3. charged current quasielastic axial mass on hydrogen target
4. charged current resonant pi axial mass
5. charged current coherent pi axial mass
6. charged current multi pi axial mass
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(b) Correlations of Flux Error Matrix
Figure 6.1: The MiniBooNE-SciBooNE flux error matrix (left) and its correlation (right)
are shown as a function of reconstructed antineutrino energy bins with bin limits listed in
Table 6.2. The bin limits are the same for both MiniBooNE and SciBooNE with bins 1-21
for MiniBooNE and bins 22-42 for SciBooNE.
7. nuclear binding energy
8. Fermi surface momentum
9. neutral current axial vector isoscalar contribution
10. limitations on the Relativistic Fermi Gas model to describe subsequent nuclear inter-
actions after initial neutrino-nuclear interaction
11. pi absorption in nucleus
12. pi inelastic scattering
13. pi-less ∆ decay
The dominant neutrino uncertainties are the uncertainties associated with charged cur-
rent quasielastic (CCQE) axial mass MA and with the limitations of the Relativistic Fermi
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Gas (RFG) model. The cross section and nuclear modeling uncertainties for ν and ν¯ events
are set uncorrelated due to the poor understanding of differences between ν and ν¯ inter-
actions in the neutrino-nucleus dipole model and their subsequent nuclear modeling. All
the cross section and the nuclear modeling uncertainties are determined using the multisim
method with 1000 draws due to correlations between some of the uncertainties and the
relative ease of implementation.
CCQE cross sections on carbon are calculated assuming an RFG model with parame-
ters MA = 1.35 GeV/c
2 and κ = 1.007, where κ is an empirical Pauli blocking parameter
introduced to allow an extra degree of freedom to describe the MiniBooNE data at low
momentum transfer. Based on the latest MiniBooNE CCQE neutrino cross section mea-
surement on carbon [52], MA and κ are given uncertainties of ±0.07 GeV/c2 and ±0.005,
respectively, for CCQE interactions on carbon for both ν and ν¯ events separately. The
uncertainties in MA and κ for CCQE events on carbon are based only on the statistical un-
certainties of the MiniBooNE CCQE neutrino cross section measurement, to avoid double
counting sources of systematic uncertainties already accounted for in this analysis. Both the
ν and ν¯ MA central values of 1.014 GeV/c
2 and their uncertainties of ±0.014 GeV/c2 for
quasielastic interactions on hydrogen are based on the latest deuterium measurements [81].
The default MC has a correction, as a function of Q2, applied to background CC1pi
interaction events in MC based on the MiniBooNE CCQE neutrino cross section mea-
surement [52]. The purpose of the Q2 correction in the MiniBooNE measurement was to
match the background CC1pi interaction events in MC to a selected data sample compris-
ing mainly of CC1pi interaction events. Therefore, in light of the MC-to-data matching
Q2 matching, there is no uncertainty placed on MA for νµ CC1pi interaction events. How-
ever, for ν¯µ CC1pi interaction events, the MA-resonant and coherent 1pi uncertainties are
not constrained by the MiniBooNE measurement since the relationship between ν and ν¯
interactions is not well understood. These two interactions are given a ±0.275 GeV/c2 un-
certainty for MA consistent with previous MiniBooNE and SciBooNE measurements [105;
37].
MA for multi pi interactions are given an uncertainty of ±0.52 GeV/c2. The Fermi
surface momentum (pF ) of carbon nuclei are given ±30 MeV/c uncertainty and the nuclear
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binding energy (EB) of carbon nuclei are given ±9 MeV uncertainty. The NC axial vector
isoscalar contribution (∆s) is given an uncertainty of ±0.1. These uncertainties are identical
to previous MiniBooNE and SciBooNE measurements [105; 37].
Pion absorption, pion inelastic scattering, and pionless ∆ decay in the carbon nucleus
are given ±25%, ±30%, and ±100% Gaussian distributed normalization uncertainties, re-
spectively. These uncertainties are very small compared to other neutrino interaction un-
certainties and are uncorrelated between MiniBooNE and SciBooNE events, unlike all other
neutrino interaction uncertainties, due to difficulties in correlating them. These uncertain-
ties are not included in Figure 6.3 in this section, but are included in Figures 6.4 and 6.5
in Section 6.4 due to their separate calculational methods for MiniBooNE and SciBooNE.
Nuclear interaction modeling systematic uncertainties are added to account for the lim-
itations of the RFG model of Smith and Moniz [84]. Such limitations include the absence of
processes such as meson exchange currents and multi-nucleon knockout events [106; 107; 108;
109]. Since these are RFG-related uncertainties, they are applied only to the neutrino and
antineutrino interactions on carbon nuclei. Figure 6.2 shows how other recent nuclear mod-
els compare to the RFG model with a CCQE MA = 1.35 GeV/c
2 and κ = 1.007. The largest
discrepancy comes from Reference [106]. All the nuclear models in the figure were calculated
under the assumption that the initial neutrino-nucleus interaction is CCQE. A 40% Gaussian
distributed normalization uncertainty is placed on ν¯ CCQE interactions on carbon to cover
the discrepancy between the RFG model prediction for ν¯ and recent nuclear models [106;
107; 108; 109]. An additional 10% Gaussian distributed normalization uncertainty is added
to non-CCQE ν¯ interactions on carbon to account for the limitations of the RFG model for
those type of events. Furthermore, an additional 10% Gaussian distributed normalization
uncertainty is assigned to both ν and ν¯ CCQE interactions on carbon to cover the difference
between data and prediction in the MiniBooNE CCQE neutrino cross section measurement.
Figure 6.3 shows the neutrino interaction error matrix and its correlations as a function
of reconstructed antineutrino energy bins in MiniBooNE and SciBooNE. The limits of the
21 reconstructed antineutrino energy bins, which are the same for both MiniBooNE and
SciBooNE, are listed in Table 6.2. Bins 1-21 are MiniBooNE and bins 22-42 are SciBooNE.
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Figure 6.2: The ratio of neutrino cross section to antineutrino cross section (σν/σν¯) for
the various nuclear models relative to neutrino cross section to antineutrino cross section
(σν/σν¯) for the RFG model with CCQE MA = 1.35 GeV/c
2 and κ = 1.007 as a function
of (anti)neutrino energy. CCQE for the initial neutrino-nucleus interaction is assumed.
The full list of antineutrino beam flux and neutrino interactions parameters for the MC
simulation and its associated systematic uncertainties are shown in Table 6.1.
6.4 Detector Uncertainties
MiniBooNE, an oil Cherenkov detector, and SciBooNE, a discrete scintillator detector,
use fundamentally different neutrino detection methods so their detector uncertainties are
different and uncorrelated.
6.4.1 SciBooNE Detector Uncertainties
The SciBooNE detector uncertainties are calculated with the unisim method. Two separate
MC prediction are produced for each SciBooNE detector uncertainty, one for the default
value up one standard deviation and one for the default value down one standard deviation.
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Table 6.1: Summary of antineutrino beam flux and neutrino interaction parameters for
MC simulation with its associated systematic uncertainties.
Beam Uncertainty
pi+ production in antineutrino beam 12.8% normalization uncertainty [101]
pi− production from p-Be interaction Spline fit to HARP data
K+ production from p-Be interaction Table IX in Ref. [48]
K0 production from p-Be interaction Table IX in Ref. [3]
K− production from p-Be interaction 100% normalization uncertainty
Nucleon and pion interaction in Be/Al Table XIII in Ref. [3]
Horn current ±1 kA
Horn skin effect Horn skin depth, ±1.4 mm
Cross Sections Uncertainty
CCQE MA on carbon target 1.35 ±0.07 GeV/c2
κ 1.007 ±0.005
CCQE MA on hydrogen target 1.014 ±0.014 GeV/c2
CC resonant pi MA 1.1 ±0.275 GeV/c2 [1]
CC coherent pi MA 1.03 ±0.275 GeV/c2 [1]
CC multi pi MA 1.3 ±0.52 GeV/c2
EB ±9 MeV
pF 220 ±30 MeV/c
∆s 0.0 ±0.1
CCQE on carbon ±10% norm error
CCQE on carbon (ν¯µ) only ±40% norm error
non-CCQE on carbon (ν¯µ) only ±10% norm error
pi absorption in nucleus 25%
pi inelastic scattering 30%
pi-less ∆ decay 100%
1 This uncertainty is not applied to νµ CC1pi events that are Q
2 corrected.
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Figure 6.3: The MiniBooNE-SciBooNE neutrino interaction error matrix (left) and its
correlation (right) are shown as a function of reconstructed antineutrino energy bins with bin
limits listed in Table 6.2. The bin limits are the same for both MiniBooNE and SciBooNE
with bins 1-21 for MiniBooNE and bins 22-42 for SciBooNE.
For each uncertainty, as a binned function of reconstructed antineutrino energy, the up and
down standard deviation MC predictions are individually compared to the default predic-
tion, its two resulting error matrices averaged to form the error matrix for the uncertainties.
The SciBooNE specific uncertainties include the detector uncertainties, reconstruction un-
certainties, and background contamination uncertainties.
The SciBooNE detector uncertainties consist of uncertainties in the muon energy loss
in the scintillator and iron, light attenuation in the wavelength shifting fibers, and PMT
response; see Reference [105]. The crosstalk of the MA-PMT was measured to be 3.15% for
adjacent channels, with an absolute error of 0.4% [41]. The single photoelectron resolution
of the MA-PMT is set to 50% in the simulation, and the absolute error is estimated to
be ±20%. Birk’s constant for the SciBar scintillator was measured to be 0.0208 ± 0.0023
cm/MeV [41]. The conversion factors from the ADC counts to the photoelectron were
measured for all 14,336 MA-PMT channels in SciBar. The measurement uncertainty was
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at the 20% level. The threshold for hits to be used in SciBar track reconstruction is 2.5
photoelectrons; this threshold is varied by ±20% to evaluate the systematic error for SciBar
track reconstruction. The TDC dead time is set to 55 ns in the MC simulation, with the
error estimated to be ±20 ns [51].
The SciBooNE reconstruction uncertainties consist of antineutrino energy reconstruc-
tion uncertainties and muon track misidentification uncertainties. Since the antineutrino
energy is reconstructed from the muon momentum assuming CCQE kinematics, systematic
uncertainties in the muon momentum measurement is propagated into uncertainties in the
reconstructed antineutrino energy. For antineutrino energy reconstruction uncertainties,
the densities of SciBar, EC, and MRD are varied independently within their measured un-
certainties of ±3%, ±10%, and ±3%, respectively. Misidentified muons stem mainly from
proton tracks created through NC interactions, which are given a conservative ±20% nor-
malization uncertainty. A conservative ±20% normalization uncertainty is applied for the
MC simulated background of neutrino and antineutrino events initially interacting outside
the SciBooNE detector that pass the selection criteria. A conservative ±20% normalization
uncertainty is applied for the MC simulated background of neutrino and antineutrino events
initially interacting in the EC/MRD detector that pass the selection criteria.
Figure 6.4 shows the SciBooNE detector error matrix and its correlations as a function of
reconstructed antineutrino energy bins with bin limits listed in Table 6.2. The 21 SciBooNE
antineutrino energy bins have the exact same limits as the SciBooNE antineutrino energy
bins in the MiniBooNE and SciBooNE error matrices for other uncertainties. Note that the
pion absorption, pion inelastic scattering, and pionless ∆ decay uncertainties in the carbon
nucleus from Section 7.5 for the SciBooNE detector are included in the figure.
6.4.2 MiniBooNE Detector Uncertainties
Uncertainties associated with the MiniBooNE detector can be divided into two main cat-
egories: optical model and PMT response. The optical model includes light propagation,
attenuation, and scattering (Rayleigh and Raman) in the detector. The optical model in
the detector [94] uses 35 parameters for properties such as refractive index, attenuation
length, scintillation strength, reflections, fluorescence, etc. These parameters are tuned to
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Figure 6.4: The SciBooNE detector error matrix (left) and its correlation (right) are shown
as a function of SciBooNE reconstructed antineutrino energy bins with bin limits listed in
Table 6.2. The 21 SciBooNE antineutrino energy bins presented here have the exact same
limits as the SciBooNE antineutrino energy bins in the MiniBooNE and SciBooNE error
matrices for other uncertainties.
non-MiniBooNE measurements as well as MiniBooNE internal data. 120 separate MC data
sets from correlated changes of the 35 parameters in the form of histograms were created
based on variations in these parameters. Histograms created from the optical model vari-
ations are smoothed to eliminate the contribution of statistical errors from the MC. Using
the multisim method, these variations are then used to compute the optical model error
matrix in bins of reconstructed antineutrino energy.
To estimate the impact of uncertainties in PMT response, independent MC data sets
based on variations in the discriminator threshold, or the PMT charge-time correlations,
were created and compared to the default MC data set. Based on comparisons with external
data [110; 111; 112] and the output of GCALOR, a MC detector simulation package, an
uncertainty of 35% is assigned to pion absorption and 50% is assigned to charge exchange
in the detector medium. This is distinct from the uncertainties on pion absorption (±25%)
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and charge exchange (±35%) inside the carbon nucleus for nuclear interaction modeling in
Section 7.5.
Figure 6.5 shows the MiniBooNE detector error matrix and its correlations as a function
of reconstructed antineutrino energy bins with bin limits listed in Table 6.2. The 21 Mini-
BooNE antineutrino energy bins have the exact same limits as the MiniBooNE antineutrino
energy bins in the MiniBooNE and SciBooNE error matrices for other uncertainties. Note
that the pion absorption, pion inelastic scattering, and pionless ∆ decay uncertainties in
the carbon nucleus from Section 7.5 for the MiniBooNE detector are included in the figure.
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Figure 6.5: The MiniBooNE detector error matrix (left) and its correlation (right) are shown
as a function of MiniBooNE reconstructed antineutrino energy bins with bin limits listed
in Table 6.2. The 21 MiniBooNE antineutrino energy bins presented here have the exact
same limits as the MiniBooNE antineutrino energy bins in the MiniBooNE and SciBooNE
error matrices for other uncertainties.
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6.5 Statistical Uncertainties
The selected events are assumed to occur at a fixed rate and independently of each other
so they follow a Poisson distribution. The σ of the statistical uncertainties are the square
root of the number of events observed. This leads to a diagonal covariance matrix with
42 elements (21 MiniBooNE elements and 21 SciBooNE elements with bin limits listed in
Table 6.2) along the diagonal.
6.6 Error Matrix
The purpose of the error matrix is to encode all the uncertainties in the form of correlated
uncertainties in reconstructed antineutrino energy since it is ultimately the comparison
between data and MC prediction in reconstructed antineutrino energy that will be used to
test for oscillations and antineutrino disappearance. The error matrix used in the fit of this
analysis is formed by combining all the separate error matrices of MiniBooNE and SciBooNE
from the different uncertainties. For this reason, all the error matrices for MiniBooNE and
SciBooNE are all binned as a function of reconstructed antineutrino energy with the same
bin limits.
6.6.1 Fractional Error Matrix
The elements of the error matrix are the covariances of the reconstructed antineutrino
energy bins so they depend on the MC predicted value in the reconstructed antineutrino
energy bins. Since the MC predicted value in each reconstructed antineutrino energy bin
changes as a function of the oscillation parameters being tested in the physics parameter
space, the error matrix must also be a function of the oscillation parameters in the physics
parameter space. Therefore, the error matrix must be constructed in such a way that its
elements change as the oscillation parameters change. This construction requires that the
total error matrix of all the uncertainties be constructed from fractional error matrices
and the number of MC predicted ν¯µ (right-sign) and νµ (wrong-sign) events based on the
oscillation parameter values.
The total error matrix is formed by combining right-sign, wrong-sign, and mixed-sign
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fractional error matrices. First, the fractional error matrix must be understood. In general,





where Mˆij is the ij-th element of the fractional error matrix, Mij is the ij-th element of
the corresponding error matrix, and Ni (Nj) is the number of events in the i-th (j-th) bin,
respectively.
With the fractional error matrix defined and explained, the right-sign, wrong-sign,
mixed-sign fractional error matrices can now be defined. For the right-sign fractional error







where Mˆi,j;(RS,RS) is the ij-th element of the right-sign fractional error matrix, Mi,j;(RS,RS)
is the ij-th element of the corresponding right-sign error matrix (the covariance matrix
between antineutrino events and antineutrino events in the bins), and NRSi (N
RS
j ) is the
number of antineutrino events in the i-th (j-th) bin, respectively. The right-sign fractional
error matrix can therefore be viewed as the covariance matrix if there is a single antineutrino








where Mˆi,j;(WS,WS) is the ij-th element of the wrong-sign fractional error matrix, Mi,j;(WS,WS)
is the ij-th element of the corresponding wrong-sign error matrix (the covariance matrix
between neutrino events and neutrino events in the bins), and NWSi (N
WS
j ) is the number
of neutrino events in the i-th (j-th) bin, respectively.







where Mˆi,j;(RS,WS) is the ij-th element of the mixed-sign fractional error matrix, Mi,j;(RS,WS)
is the ij-th element of the corresponding mixed-sign error matrix (the covariance matrix
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between antineutrino events in the i bins and neutrino events in the j bins), NRSi is the num-
ber of antineutrino events in the i-th bin, and NWSj is the number of neutrino events in the
j-th bin. Similarly, Mˆi,j;(WS,RS) is the ij-th element of the mixed-sign error matrix defined
relative to Mi,j;(WS,RS), the ij-th element of the mixed-sign error matrix between neutrino
events in the i bins and antineutrino events in the j bins. Mˆi,j;(WS,RS) and Mi,j;(WS,RS) are
the transpose of matrices Mˆi,j;(RS,WS) and Mi,j;(RS,WS), respectively.
The total error matrix, M , is a 42 × 42 covariance matrix in MiniBooNE and SciBooNE





Starting from the bottom left corner and proceeding up or right are 21 reconstructed
antineutrino energy bins of MiniBooNE arranged according to increasing energy followed by
the 21 reconstructed antineutrino energy bins of SciBooNE arranged according to increasing
energy. The limits of the 21 reconstructed antineutrino energy bins for both MiniBooNE and
SciBooNE are shown in Table 6.2. The error matrix can be divided into four 21 × 21 matrix
quarters: the bottom left quarter (MMB-MB) is the MiniBooNE to MiniBooNE antineutrino
energy bin correlations, the top right quarter (MSB-SB) is the SciBooNE to SciBooNE
antineutrino energy bin correlations, the top left quarter (MMB-SB) is the MiniBooNE to
SciBooNE antineutrino energy bin correlations, and the bottom right quarter (MSB-MB) is
the SciBooNE to MiniBooNE antineutrino energy bin correlations. The antineutrino flux
and neutrino interaction uncertainties contribute to all the energy bins of the entire 42 ×
42 error matrix. The MiniBooNE detector uncertainties contribute to the bottom left 21 ×
21 quarter of the total error matrix. The SciBooNE detector uncertainties contribute to the
top right 21 × 21 quarter of the total error matrix.The statistical uncertainties contribute
only to the diagonal energy bins starting at the bottom left corner and ending at the top
right corner.
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Table 6.2: Reconstructed antineutrino energy bin limits for MiniBooNE and SciBooNE.






















X denotes the type of detector correlation (either MB-MB, SB-SB, SB-MB, or MB-SB) with
Y and Z denoting the type of bins (either MiniBooNE or SciBooNE) associated with X. For
MiniBooNE to MiniBooNE correlations, X=MB-MB, Y=MB, Z=MB. For SciBooNE to Sci-
BooNE correlations, X=SB-SB, Y=SB, Z=SB. For MiniBooNE to SciBooNE correlations,
X=MB-SB, Y=MB, Z=SB. For SciBooNE to MiniBooNE correlations, X=SB-MB, Y=SB,
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Z=MB. NY RSi (N
Z RS




j ) are the number of right-sign antineutrino and
wrong-sign neutrino events for bin type Y (bin type Z) in reconstructed antineutrino energy
bin i (bin j), respectively. MˆXi,j;(RS,RS) are the elements of the right-sign fractional error ma-
trix (antineutrino to antineutrino correlated) for detector correlation type X. MˆXi,j;(WS,WS)
are the elements of the wrong-sign fractional error matrix (neutrino to neutrino corre-
lated) for detector correlation type X. MˆXi,j;(RS,WS) and Mˆ
X
i,j;(WS,RS) are the elements of
the mixed-sign fractional error matrix for antineutrino to neutrino correlated and neutrino
to antineutrino correlated, respectively, with detector correlation type X. MX stat is the
statistical covariance matrix in reconstructed antineutrino energy bins for correlation type
X (only SB-SB and MB-MB have nonzero elements).
Figure 6.6 shows the right-sign fractional error matrix and the wrong-sign fractional
error matrix for flux uncertainties in MiniBooNE and SciBooNE. Figure 6.7 shows the
right-sign fractional error matrix and the wrong-sign fractional error matrix for neutrino
interaction uncertainties in MiniBooNE and SciBooNE. Figure 6.8 shows the right-sign
fractional error matrix and the wrong-sign fractional error matrix for detector uncertainties
in SciBooNE. Figure 6.9 shows the right-sign fractional error matrix and the wrong-sign
fractional error matrix for detector uncertainties in MiniBooNE. Finally, Figure 6.10 shows
the total error matrix and its correlations as a function of reconstructed antineutrino energy
bins in MiniBooNE and SciBooNE. For all the figures, bins 1-21 are MiniBooNE and bins
22-42 are SciBooNE. The limits of the reconstructed antineutrino energy bins are shown in
Table 6.2 and are exactly the same for MiniBooNE and SciBooNE.
The elements of the total error matrix are all positive. Since the total error matrix is a
covariance matrix, the matrix is positive semi-definite and all its eigenvalues are nonnega-
tive. A study of the total error matrix shows that its eigenvalues are all significantly larger
than 0 making the total error matrix a positive definite matrix. Therefore, the total error
matrix is invertible and has a Cholesky decomposition. Both properties are essential for
the analysis.
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MB/SB bins





















Flux Fractional Error Matrix RS
(a) Flux Right-Sign Fractional Error Matrix
MB/SB bins




















Flux Fractional Error Matrix WS
(b) Flux Wrong-Sign Fractional Error Matrix
Figure 6.6: The MiniBooNE-SciBooNE flux right-sign fractional error matrix (left) and
flux wrong-sign fractional error matrix (right) are shown as a function of reconstructed
antineutrino energy bins. Bins 1-21 are MiniBooNE and bins 22-42 are SciBooNE.
6.7 Conclusion on Uncertainties
In conclusion, all the relevant uncertainties from the neutrino (antineutrino) production to
the neutrino (antineutrino) interactions in both detectors to the reconstruction and selection
are addressed, described, and quantified. They can divided into three broad uncertainty
categories: flux, neutrino (antineutrino) interaction, and detector. Figure 6.11 shows the
σ/µ fractional uncertainties calculated from the square root of the diagonal elements of
the error matrices as a function of reconstructed antineutrino energy in GeV for flux, neu-
trino interaction, detector, and total uncertainties in MiniBooNE. Figure 6.12 shows the
σ/µ fractional uncertainties calculated from the square root of the diagonal elements of the
error matrices as a function of reconstructed antineutrino energy in GeV for flux, neutrino
interaction, detector, and total uncertainties in SciBooNE. From the figures, the neutrino
interaction uncertainties are the largest source of uncertainties followed by detector uncer-
tainties and flux uncertainties. Statistical uncertainties are very small.
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MB/SB bins
























CS Fractional Error Matrix RS
(a) Cross section Right-Sign Fractional Error Matrix
MB/SB bins





















CS Fractional Error Matrix WS
(b) Cross section Wrong-Sign Fractional Error Ma-
trix
Figure 6.7: The MiniBooNE-SciBooNE neutrino interaction right-sign fractional error ma-
trix (left) and neutrino interaction wrong-sign fractional error matrix (right) are shown as
a function of reconstructed antineutrino energy bins. Bins 1-21 are MiniBooNE and bins
22-42 are SciBooNE.
All the uncertainties are then expressed in the form of a total error matrix, a 42 ×
42 covariance matrix between reconstructed antineutrino energy bins of MiniBooNE and
SciBooNE. The error matrix is constructed from fractional error matrices to allow the
error matrix to vary as a function of the theory’s oscillation parameters and provides the
most accurate assessment of the uncertainties. Ultimately, the error matrix will provide
a quantifiable measure of the differences between the reconstructed antineutrino energy
distributions of data and MC predictions and be used directly in determining whether or
not there are indications of antineutrino disappearance oscillations.
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SB bins























SB Only Fractional Error Matrix RS
(a) SB Detector Right-Sign Fractional Error Matrix
SB bins
























SB Only Fractional Error Matrix WS
(b) SB Detector Wrong-Sign Fractional Error Matrix
Figure 6.8: The SciBooNE detector right-sign fractional error matrix (left) and detector
wrong-sign fractional error matrix (right) are shown as a function of reconstructed antineu-
trino energy bins. The 21 SciBooNE antineutrino energy bins presented here have the exact
same limits as the SciBooNE antineutrino energy bins in the MiniBooNE and SciBooNE
error matrices for other uncertainties.
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MB bins























MB Only Fractional Error Matrix RS
(a) MB Detector Right-Sign Fractional Error Matrix
MB bins

























MB Only Fractional Error Matrix WS
(b) MB Detector Wrong-Sign Fractional Error Ma-
trix
Figure 6.9: The MiniBooNE detector right-sign fractional error matrix (left) and detector
wrong-sign fractional error matrix (right) are shown as a function of reconstructed an-
tineutrino energy bins. The 21 MiniBooNE antineutrino energy bins presented here have
the exact same limits as the MiniBooNE antineutrino energy bins in the MiniBooNE and
SciBooNE error matrices for other uncertainties.
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MB/SB bins
























(a) Total Error Matrix
MB/SB bins


























Total Correlation Error Matrix
(b) Correlations of Total Error Matrix
Figure 6.10: The MiniBooNE-SciBooNE total error matrix (left) and its correlation (right)
are shown as a function of reconstructed antineutrino energy bins. Bins 1-21 are MiniBooNE
and bins 22-42 are SciBooNE.
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Neutrino Energy



















(a) MB Flux σ/µ
Neutrino Energy



















(b) MB Cross section σ/µ
Neutrino Energy



















(c) MB Detector σ/µ
Neutrino Energy



















(d) MB Total σ/µ
Figure 6.11: The MiniBooNE σ/µ fractional uncertainties for flux (top left), neutrino in-
teractions (top right), detector (bottom left), and total systematic and statistical (bottom
right) as a function of reconstructed antineutrino energy in GeV. These are calculated from
the diagonal elements of the error matrices so they do not capture any correlated error
effects.
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Neutrino Energy



















(a) SB Flux σ/µ
Neutrino Energy



















(b) SB Cross section σ/µ
Neutrino Energy



















(c) SB Detector σ/µ
Neutrino Energy



















(d) SB Total σ/µ
Figure 6.12: The SciBooNE σ/µ fractional uncertainties for flux (top left), neutrino interac-
tion (top right), detector (bottom left), and total systematic and statistical (bottom right)
as a function of reconstructed antineutrino energy in GeV. These are calculated from the
diagonal elements of the error matrices so they do not capture any correlated error effects.
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Chapter 7
Search for Dual Baseline
Disappearance
The purpose of this chapter is to state the muon antineutrino disappearance theory, ex-
plain and justify the methodology of the muon antineutrino disappearance analysis using
the Feldman-Cousins method with a ∆χ2 test statistic, and present the results. The an-
tineutrino disappearance analysis is a ”blind” analysis so all of the comprehensive studies
of the robustness, consistency, and sensitivity of the analysis are done using MC predictions
without any data. Data is unveiled at the last step and compared with MC predictions to
determine the final analysis results.
The chapter is organized as follows. The muon antineutrino disappearance theory and
formulation is introduced. The χ2 and the ∆χ2 test statistic is then presented to explain
how the antineutrino disappearance theory will be tested. The Feldman-Cousins method is
presented to describe the statistical approach taken to extract the signals in the ∆χ2 fit.
Frequentist studies are then shown to test and understand the robustness, consistency, and
sensitivity of the fit. Finally, data is unveiled and the chapter concludes with the results of
the muon antineutrino disappearance analysis with comments.
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7.1 Antineutrino Disappearance Oscillation Probability
The muon antineutrino disappearance theory states that ν¯µ oscillates over distance into a
heavy sterile neutrino state ν¯x. Since ν¯x is a sterile neutrino state, it does not interact
through the weak interaction and cannot be detected. ν¯µ → ν¯x oscillation will appear
as a deficit in the number of ν¯µ observed, referred to here as a “disappearance”. Muon
antineutrino disappearance is parameterized by a two-antineutrino oscillation model, where
the oscillation survival probability for a ν¯µ in the beam is given by




where L is the path length in kilometers, E is the antineutrino energy in GeV, θ is the
mixing angle, and ∆m2 is the difference in the squares of the masses of two different mass
eigenstates.
If a detector is placed at an appropriate fixed distance away from the ν¯µ production
source, and if muon antineutrino disappearance exists, the ν¯µ → ν¯x oscillation will pro-
duce a distinct signature in antineutrino energy, since antineutrinos with different energies
oscillate with different probabilities for the same distance traveled. For this reason, the
reconstructed antineutrino energy distribution is the distribution used for comparing the
data and MC predictions along with the error matrix in the ∆χ2 fit described in Section 7.2.
MC simulation is used to determine the muon antineutrino production in the decay tun-
nel. Data from the MiniBooNE and SciBooNE detector, which are at two different fixed
distances away from the muon antineutrino production source, will be used to confirm or
deny whether muon antineutrino disappearance exists for the sin2 2θ and ∆m2 parameter
space by comparing to various MC predictions based on different ν¯µ survival probabilities
from different sin2 2θ and ∆m2 values.
This analysis is a test on the theory of ν¯µ disappearance so the number of ν¯µ events
must be allowed to vary based on the oscillation parameters sin2 2θ and ∆m2 of the theory.
Though CPT invariance requires that ν¯µ disappearance demands νµ disappearance, the
number of νµ events is fixed in this analysis since νµ disappearance has not been observed
based on previous measurement [37]. Very few νe and ν¯e events pass the MiniBooNE and
SciBooNE selection criteria so their uncertainties relative to νµ and ν¯µ events are very
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small. νe and ν¯e disappearance and appearance are also not in the scope of this analysis.
Therefore, the number of νe and ν¯e events are fixed.
Previous muon antineutrino disappearance measurements from MiniBooNE in 2009 [38]
and the CCFR experiment [40] observed no ν¯µ disappearance and set a lower limit on the
value of ∆m2. Based on these measurements, the the upper limit of ∆m2 for the analysis is
set at ∆m2 = 100 eV2. Due to limits from the data statistics, the location of the SciBooNE
and MiniBooNE detectors relative to the ν¯µ source, and the uncertainties involved in the
analysis, frequentist studies described in Section 7.4 show that the lower limit of the ∆m2
for the analysis should be set at ∆m2 = 0.01 eV2. Therefore, the parameter space being
tested in this analysis is a two dimensional parameter space of ∆m2 and sin2 2θ with limits
100–0.01 eV2 and 0–1, respectively.
7.2 χ2 and ∆χ2 Test Statistic










where (M−1)ij is the ij-th element of the inverse of the error matrix M , the covariance ma-
trix in MiniBooNE and SciBooNE reconstructed antineutrino energy (EQEν ) bins described
in Equation 6.7 and presented in Section 6.6. Di (Dj) is the data count in bin i (j) and Ni
(Nj) is the MC prediction for bin i (j), in MiniBooNE and SciBooNE E
QE
ν bins. Ni is the








Nj is similarly defined as Ni. As shown in Equation 7.3 and explained in Section 7.1, only
the number of predicted RS antineutrino events depend on the oscillation parameters, ∆m2
and sin2 2θ, in this two-antineutrino ν¯µ oscillation model and the number of predicted WS
neutrino events are fixed. The index i runs from 1 to 42 with the first 21 bins being the
MiniBooNE EQEν bins ordered in ascending energy and the second 21 bins being SciBooNE
EQEν bins ordered in ascending energy. The limits of the E
QE
ν bins for index i are listed in
Table 6.2.
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For the goodness of fit test to determine whether the data agrees with the MC prediction,
a ∆χ2 test statistic is used. It is defined as:
∆χ2 = χ2
(
N(∆m2, sin2 2θ),M(∆m2, sin2 2θ)
)− χ2 (N(θBF),M(θBF)) (7.4)
where ∆m2 and sin2 2θ are the oscillation parameters at a given test point and θBF refers to
the oscillation parameters ∆m2 and sin2 2θ at the best fit point in the entire ∆m2, sin2 2θ
parameter space region (∆m2 from 0.01 to 100 eV2. N and M are the MC prediction and
error matrix, respectively, and hence, are a function of the oscillation parameters.
In general, since the fit has two parameters ∆m2 and sin2 2θ, the ∆χ2 at each point in
∆m2, sin2 2θ parameter space should follow a χ2 distribution with two degrees of freedom
(DOF), which corresponds to a 90% confidence level (CL) value for goodness of fit of less
than 4.61. But previous studies done to measure νµ and ν¯µ disappearance using the ∆χ
2
test statistic and frequentist studies done for this analysis (described in Section 7.4) show
that this is not exactly the case, though the χ2 distribution with two DOF can be used as
an approximation. The reason is due to the fact that the best fit point θBF doesn’t exactly
correspond to the true best fit point since fluctuations can cause the θBF to deviate from the
true best fit point. For example, assume that there is no ν¯µ disappearance. Then, the true
best fit point would be the line with sin2 2θ at 0 (there is also no ∆m2 dependence and the
χ2 distribution reduces to one DOF). But because of statistical uncertainties in the data
and systematic uncertainties in creating the MC prediction, the data and MC prediction
might not exactly agree due to these small fluctuations. The small fluctuations can mimic
a small oscillation signal and create a best fit point θBF with a non-zero sin
2 2θ. The (χ2)
∆χ2 value at θBF will be slightly smaller than the (χ
2) ∆χ2 value at the true best fit point.
To address these challenges, the Feldman-Cousins method described in Section 7.3 is used
to determine the confidence level of the data relative to the MC prediction at each point in
∆m2, sin2 2θ space.
7.3 Feldman-Cousins Method
The method of Feldman and Cousins [113] is used to determine the significance of the ∆χ2
at each point ∆m2, sin2 2θ in parameter space that corresponds to a certain confidence
CHAPTER 7. SEARCH FOR DUAL BASELINE DISAPPEARANCE 114
level of acceptance or rejection. To obtain the 90% confidence level exclusion region for ν¯µ
disappearance, a smooth ∆χ2 distribution is formed for each point ∆m2, sin2 2θ in param-
eter space using hundreds of iterations of generated fake data (described in Section 7.4) at
that ∆m2, sin2 2θ. The fake data ∆χ2 distribution changes for each ∆m2, sin2 2θ point and
accounts for the shifts in the ∆χ2 due to θBF not corresponding exactly to the true best fit
point as mentioned in Section 7.2. The ∆χ2 value from actual data at each ∆m2, sin2 2θ
is then compared to the fake data ∆χ2 distribution at each ∆m2, sin2 2θ. If the ∆χ2 value
from actual data is larger than 90% of the all the fake data ∆χ2 values at a ∆m2, sin2 2θ
point, then the ∆m2, sin2 2θ point in parameter space is excluded at 90% confidence level.
The aggregation of all the excluded 90% confidence level ∆m2, sin2 2θ points forms the
90% confidence level exclusion region. The region not excluded by the 90% confidence level
exclusion region would be a basis for the detection of a ν¯µ oscillation signal or is a region
beyond the sensitivity of the analysis.
For the analysis, the oscillation parameter space is divided into a grid of points with
sin2 2θ divided into 200 linear increments from 0 to 1 and ∆m2 divided into 300 logarithmic
increments from -2 to 2, which are the logarithmic limits of 0.01–100 eV2. Including the
boundaries of the ∆m2, sin2 2θ parameter space, the analysis uses a total of 60501 oscillation
parameter points to determine the signal or exclusion region for ν¯µ disappearance. However,
creating a fake data ∆m2 value at each oscillation parameter point is computationally
intensive due to the necessity of calculating χ2 at each oscillation parameter point in order
to find χ2(N(θBF),M(θBF)) in the entire parameter space for each fake data ∆m
2 value.
To accomplish this, a courser, subset grid of points is used for the Feldman-Cousins ∆χ2
distribution. The Feldman-Cousins ∆χ2 grid divides the oscillation parameter space into
40 linear increments from 0 to 1 for sin2 2θ and 60 logarithmic increments from -2 to 2 for
∆m2 for a total of 2501 points (the Feldman-Cousins grid uses every fifth grid point for the
analysis oscillation parameter space grid). At least 500 fake data ∆χ2 values at generated
each point in order for the fake data ∆χ2 distribution to be smooth and the confidence
level of acceptance or rejection with data to be accurate. More fake data ∆χ2 values (on
the order of 1000) are generated in the region of the oscillation parameter space most likely
to produce a ν¯µ signal or limit for exclusion. At each of the Feldman-Cousins grid points,
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a cutoff value for a certain confidence level of acceptance or rejection (e.g. confidence level
for 90% exclusion of oscillation signal) is determined from its corresponding fake data ∆χ2
distribution. This confidence level cutoff value is then linearly interpolated between the
Feldman-Cousins grid points to all of the analysis’s 60501 parameter space grid points so
that each of the analysis’s 60501 parameter space points has a unique value for acceptance
or rejection. Data is finally unveiled and the ∆χ2 is calculated at each analysis parameter
space grid point and compared to the confidence level cutoff value to determine acceptance
or rejection to produce a signal or exclusion limit.
7.4 Frequentist Studies
In order to better understand the robustness, consistency, and sensitivity of the ∆χ2 fit in
the parameter space without using the data, fake data must be used. Given the assumption
that the MC predictions are an accurate reflection of actual data and the uncertainties
involved are fairly well understood, fake data can be generated using the MC prediction
and the combined error matrix.
To create the fake data, first, a Cholesky decomposition is performed on the combined
error matrix M :
M(∆m2, sin2 2θ) = LL∗, (7.5)
where L is a lower triangular matrix and L∗ is the conjugate transpose of L. A 42 dimen-
sional vector u is created, where each of the 42 elements represents one of the reconstructed
antineutrino energy bins of MiniBooNE and SciBooNE. Each element of u are indepen-
dently drawn from a Gaussian distribution with mean 0 and variance 1. A fluctuated fake






where Ndefault is the default MC prediction assuming an oscillation signal with oscillation
parameters at point ∆m2, sin2 2θ. The term Lu can be understood as the correlated
systematic and statistical uncertainties added to the default MC prediction at that ∆m2,
sin2 2θ point. Note that since M , the combined error matrix, is a function of the oscillation
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parameters, L is not constant across the parameter space and the Lu values can vary
significantly (and not only through u) across the parameter space. This method of fake
data generation efficiently allows hundreds of fake data to be generated at each ∆m2,
sin2 2θ point with minimal computing time for use in the Feldman-Cousins methodology.
Figures 7.1 and 7.2 show that the fake data are being generated properly. Figure 7.1
shows the normalization variations between MiniBooNE and SciBooNE in a scatter plot.
Each point in the two dimensional scatter plot represents a MiniBooNE and SciBooNE
fake data normalization (both normalized relative to default MC prediction). As expected,
the uncertainties that cause the MiniBooNE and SciBooNE MC predictions to change in
normalization have the same underlying sources (e.g. antineutrino cross section) so nor-
malization is correlated and therefore, scatter points lie along the y = x diagonal line.
Figure 7.2 shows the SciBooNE fake data value normalized to default SciBooNE prediction
over MiniBooNE fake data value normalized to default MiniBooNE prediction as a function
of reconstructed antineutrino energy bins. As expected, the histograms cluster around the
value of 1 with larger fluctuations at the lower and higher antineutrino energy bins, which
corresponds to the higher systematic and statistical uncertainties in the analysis at lower
and higher antineutrino energy.
The robustness, consistency, and sensitivity of the ∆χ2 fit can now be tested. To make
things simpler, the ∆χ2 distribution at each ∆m2, sin2 2θ parameter space point is ap-
proximated using a χ2 distribution with 2 DOF (sin2 2θ and ∆m2) instead of using the
computing-intensive Feldman-Cousins method. The 90% and 3-σ confidence levels of oscil-
lation signal exclusion are made at values of 4.61 and 11.38, respectively, corresponding to
90% and 3-σ confidence levels of a χ2 distribution with 2 DOF. This allows the ∆χ2 fit to
be efficiently tested without loss of generality, though slight deviations between exclusion
limits and oscillation signal regions calculated using the χ2 distribution with 2 DOF ap-
proximation and the Feldman-Cousins method might occur at low ∆m2 and low sin2 2θ of
the parameter space.
Figure 7.3 shows the averaged exclusion limits at the 90% and 3-σ confidence levels
and possible oscillation signal region and best fit ∆χ2 points for many fake data sets all
with no oscillation signal assumed. The excluded region is the region with high ∆m2 (log
CHAPTER 7. SEARCH FOR DUAL BASELINE DISAPPEARANCE 117
CVMBS/toyMBS















Comparing MB and SB Normalization Fluctuations in Toy MC
Figure 7.1: Two dimensional scatter plot of normalization variations of MiniBooNE and
SciBooNE. Each point in the scatter plot represents a MiniBooNE and SciBooNE fake
data normalization (both normalized relative to default MC prediction). The x-axis is the
MiniBooNE normalization (sum of all MB reconstructed antineutrino energy bins for one
fake data relative to sum of all default MB reconstructed antineutrino energy bins) and the
y-axis is the SciBooNE normalization (sum of all SB reconstructed antineutrino energy bins
for one fake data relative to sum of all default SB reconstructed antineutrino energy bins).
100 scatter points are plotted and no oscillation signal is assumed.
∆m2 > −0.5) and high sin2 2θ (sin2 2θ > 0.1) where the test can uniformly rule out a large
region of oscillation parameter space, which is what is desired and expected. The figure also
shows the overall sensitivity allowed by the analysis. The allowed oscillation signal region
(region not excluded at the 90% confidence level) is in light blue and at low ∆m2 (log
∆m2 < −0.5) and low sin2 2θ (sin2 2θ < 0.1), the region where either the magnitude of the
disappearance oscillation (controlled by sin2 2θ) is so small that it is beyond the sensitivity
within uncertainties of the analysis (very small sin2 2θ value) or the oscillation is so long
relative to energies of the ν¯µ being measured that the ν¯µ have not yet had the distance to
































Comparison of SB and MB Shape Fluctuations in Toy MC
Figure 7.2: SciBooNE fake data value over MiniBooNE fake data value as a function of
reconstructed antineutrino energy bins. Both the SciBooNE and MiniBooNE fake data
values in each bin are normalized to default SciBooNE and MiniBooNE MC prediction bin
values, respectively. 100 histograms are plotted and no oscillation signal is assumed.
oscillate into its sterile ν¯x partner before reaching the MiniBooNE detector. The best fit
points for the fake data sets cluster around log ∆m2 = 1 and sin2 2θ = 0.075, instead of
at sin2 2θ = 0, due to the fact that the fake data fluctuations can mimic small oscillation
signals (as described in Section 7.2). Figure 7.4 shows fake data ∆χ2 and χ2 distribution
assuming no oscillation signal at the no oscillation signal line. The fake data ∆χ2 and χ2
distributions fit the χ2 distributions quite well assuming 2 DOF and 40 DOF, respectively.
This confirms the assumption that the fake data ∆χ2 distribution follows a χ2 distribution
with 2 DOF so the χ2 distribution with 2 DOF can be an approximate substitute for the
Feldman-Cousins ∆χ2 distributions. Also the fake data χ2 distribution is exactly what is
expected since there are a total of 42 MiniBooNE and SciBooNE reconstructed antineutrino
energy bins corresponding to 42 DOF minus the 2 DOF from the oscillation parameter fit.
Figure 7.5 shows the averaged exclusion limits at the 90% and 3-σ confidence levels and
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(a) Exclusion Limit From Fake Data Sets Assuming
No Oscillation Signal
(b) Best Fit ∆χ2 Points From Fake Data Sets
Figure 7.3: Averaged exclusion limits at the 90% and 3-σ confidence levels and possible
oscillation signal region (left) and best fit ∆χ2 points (right) for many fake data sets all
with no oscillation signal assumed. The allowed oscillation signal region is in light blue.
The regions were produced assuming the ∆χ2 distribution is a χ2 distribution with 2 DOF.
possible oscillation signal region and best fit ∆χ2 points for many fake data sets assuming
an oscillation signal of ∆m2 = 1.0 eV2 and sin2 2θ = 0.2. The allowed oscillation signal
region (region not excluded at the 90% confidence level) is a light blue band that clearly
includes the oscillation signal point. The best fit points for the fake data sets cluster
around ∆m2 = 1.0 eV2 and sin2 2θ = 0.2 along the oscillation signal band. Figure 7.6
shows fake data ∆χ2 and χ2 distribution assuming oscillation signal of ∆m2 = 1.0 eV2 and
sin2 2θ = 0.2 at that oscillation parameter point. The fake data ∆χ2 and χ2 distributions fit
the χ2 distributions quite well assuming 2 DOF and 40 DOF, respectively. Therefore, the
fake data ∆χ2 distribution follows a χ2 distribution with 2 DOF and the χ2 distribution
is consistent with the 42 MiniBooNE and SciBooNE antineutrino energy bins minus the
two DOF from the oscillation parameters. The test demonstrates how a signal at or near
∆m2 = 1.0 eV2 and sin2 2θ = 0.2 would be distinguished and found if it existed in the data.
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(a) Fake Data ∆χ2 Values (b) Fake Data χ2 Values
Figure 7.4: Fake data ∆χ2 distribution with the blue line showing a χ2 distribution with
2 DOF (left) and fake data χ2 distribution with the blue line showing a χ2 distribution
with 40 DOF right for many fake data sets and MC prediction all with no oscillation signal
assumed.
Figure 7.7 shows the averaged exclusion limits at the 90% and 3-σ confidence levels and
possible oscillation signal region and best fit ∆χ2 points for many fake data sets assuming
an oscillation signal of ∆m2 = 1.0 eV2 and sin2 2θ = 0.4. The allowed oscillation signal
region (region not excluded at the 90% confidence level) is a light blue ellipse that clearly
includes the oscillation signal point. The best fit points for the fake data sets cluster
around ∆m2 = 1.0 eV2 and sin2 2θ = 0.4 along the oscillation signal ellipse. Figure 7.8
shows fake data ∆χ2 and χ2 distribution assuming oscillation signal of ∆m2 = 1.0 eV2 and
sin2 2θ = 0.4 at that oscillation parameter point. The fake data ∆χ2 and χ2 distributions
fit the χ2 distributions assuming 2 DOF and 40 DOF, respectively, well. Therefore, the
fake data ∆χ2 distribution follows a χ2 distribution with 2 DOF and the χ2 distribution
is consistent with the 42 MiniBooNE and SciBooNE antineutrino energy bins minus the
two DOF from the oscillation parameters. The test demonstrates how a signal at or near
∆m2 = 1.0 eV2 and sin2 2θ = 0.4 would be distinguished and found if it existed in the data.
Figure 7.9 shows the averaged exclusion limits at the 90% and 3-σ confidence levels and
possible oscillation signal region and best fit ∆χ2 points for many fake data sets assuming an
oscillation signal of ∆m2 = 10.0 eV2 and sin2 2θ = 0.2. The allowed oscillation signal region
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(a) Exclusion Limit From Fake Data Sets Assuming
Oscillation Signal With ∆m2 = 1.0 eV2 and sin2 2θ =
0.2
(b) Best Fit ∆χ2 Points From Fake Data Sets
Figure 7.5: Averaged oscillation signal region and exclusion limits at the 90% and 3-σ
confidence levels (left) and best fit ∆χ2 points (right) for many fake data sets all with
oscillation signal of ∆m2 = 1.0 eV2 and sin2 2θ = 0.2 assumed. The allowed oscillation
signal region is in light blue. The regions were produced assuming the ∆χ2 distribution is
a χ2 distribution with 2 DOF.
(region not excluded at the 90% confidence level) is a tiny light blue ellipse that basically
only includes the oscillation signal point. The best fit points for the fake data sets cluster
around ∆m2 = 10.0 eV2 and sin2 2θ = 0.2 along the oscillation signal ellipse. Figure 7.10
shows fake data ∆χ2 and χ2 distribution assuming oscillation signal of ∆m2 = 10.0 eV2 and
sin2 2θ = 0.2 at that oscillation parameter point. The fake data ∆χ2 and χ2 distributions
fit the χ2 distributions well assuming 2 DOF and 40 DOF, respectively. Therefore, the
fake data ∆χ2 distribution follows a χ2 distribution with 2 DOF and the χ2 distribution is
consistent with the 42 MiniBooNE and SciBooNE antineutrino energy bins minus the two
DOF from the oscillation parameters. The test demonstrates how a signal at ∆m2 = 10.0
eV2 and sin2 2θ = 0.2 would be distinguished and found if it existed in the data.
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(a) Fake Data ∆χ2 Values (b) Fake Data χ2 Values
Figure 7.6: Fake data ∆χ2 distribution with the blue line showing a χ2 distribution with
2 DOF (left) and fake data χ2 distribution with the blue line showing a χ2 distribution
with 40 DOF right for many fake data sets and MC prediction all with oscillation signal of
∆m2 = 1.0 eV2 and sin2 2θ = 0.2 assumed.
Figure 7.11 shows the MC predictions of the deficit expected in the antineutrino energy
spectrum due to the different sin2 2θ and ∆m2 oscillation signals from the fake data studies
described earlier in this section normalized to the default MC prediction at the SciBooNE
and MiniBooNE detectors. Much can be learned and understood by examining the figure.
If the oscillation signal has a ∆m2 = 1.0 eV2, SciBooNE acts as a near detector measuring
the un-oscillated antineutrino energy spectrum while MiniBooNE acts as a far detector
measuring the oscillated, deficient antineutrino energy spectrum. If the oscillation signal
has a larger ∆m2 = 10.0 eV2, both SciBooNE and MiniBooNE are measuring the oscillated,
deficient antineutrino energy spectrum. sin2 2θ affects the magnitude of the antineutrino
energy spectrum deficit and not the shape, as can be seen between the histograms with
different sin2 2θ and the same ∆m2. This is what is expected if the oscillation probability
formula in Equation 7.1 is closely examined since the sin2 2θ acts as a coefficient of the
sin2 1.27∆m
2L
E term with the distance and antineutrino energy dependence.
Figure 7.12 shows several fake data exclusion limit curves at the 90% confidence level
(any region enclosed to the right of a curve is excluded with at least a 90% confidence level
for that curve) assuming no oscillation signal for ∆m2 between 0.01 eV2 and 100 eV2 and
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(a) Exclusion Limit From Fake Data Sets Assuming
Oscillation Signal With ∆m2 = 1.0 eV2 and sin2 2θ =
0.4
(b) Best Fit ∆χ2 Points From Fake Data Sets
Figure 7.7: Averaged oscillation signal region and exclusion limits at the 90% and 3-σ
confidence levels (left) and best fit ∆χ2 points (right) for many fake data sets all with
oscillation signal of ∆m2 = 1.0 eV2 and sin2 2θ = 0.4 assumed. The allowed oscillation
signal region is a light blue. The regions were produced assuming the ∆χ2 distribution is a
χ2 distribution with 2 DOF.
∆m2 between 100 eV2 and 10000 eV2. If the oscillation parameter space is extended towards
larger ∆m2, the oscillation disappearance probability would oscillate much more frequently
over the same distance given the energy of the selected antineutrino events. Larger than
a certain ∆m2 value, the oscillations would eventually be so short in distance that the
reconstruction antineutrino energy distributions in SciBooNE and MiniBooNE would not
be able to resolve any oscillation shape at all. All the shape information contained in the
antineutrino energy distribution would be irrelevant and only the normalization of the data
relative to the MC prediction can have any resolving power. This effect can be seen in the
figure at ∆m2 values larger than 100 eV2 where the exclusion limit curves are all constant
sin2 2θ regardless of ∆m2 value, which implies that the antineutrino energy distribution
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(a) Fake Data ∆χ2 Values (b) Fake Data χ2 Values
Figure 7.8: Fake data ∆χ2 distribution with the blue line showing a χ2 distribution with
2 DOF (left) and fake data χ2 distribution with the blue line showing a χ2 distribution
with 40 DOF right for many fake data sets and MC prediction all with oscillation signal of
∆m2 = 1.0 eV2 and sin2 2θ = 0.4 assumed.
shape and hence, the ∆m2 value, no longer has any effect in determining the exclusion
limit. This is a good consistency test for the analysis, showing good agreement of what is
expected and what is observed.
All the fake data studies show that the ∆χ2 test statistic is behaving exactly as expected
in the oscillation parameter space. The data can now be unveiled and compared to the MC
prediction to explore if a ν¯µ disappearance oscillation signal exists.
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(a) Exclusion Limit From Fake Data Sets Assum-
ing Oscillation Signal With ∆m2 = 10.0 eV2 and
sin2 2θ = 0.2
(b) Best Fit ∆χ2 Points From Fake Data Sets
Figure 7.9: Averaged exclusion limits at the 90% and 3-σ confidence levels and possible
oscillation signal region (left) and best fit ∆χ2 points (right) for many fake data sets all
with oscillation signal of ∆m2 = 10.0 eV2 and sin2 2θ = 0.2 assumed. The allowed oscillation
signal region is a light blue. The regions were produced assuming the ∆χ2 distribution is a
χ2 distribution with 2 DOF.
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(a) Fake Data ∆χ2 Values (b) Fake Data χ2 Values
Figure 7.10: Fake data ∆χ2 distribution with the blue line showing a χ2 distribution with
2 DOF (left) and fake data χ2 distribution with the blue line showing a χ2 distribution
with 40 DOF right for many fake data sets and MC prediction all with oscillation signal of
∆m2 = 10.0 eV2 and sin2 2θ = 0.2 assumed.
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(a) SciBooNE MC Predictions (b) MiniBooNE MC Predictions
Figure 7.11: MC predictions of the deficit expected in the antineutrino energy spectrum due
to several different sin2 2θ and ∆m2 oscillation signals normalized to default MC prediction
(no oscillation signal) at the SciBooNE and MiniBooNE detectors. The black line at 1
represents the default MC prediction. The red histogram represents an oscillation signal
with ∆m2 = 1.0 eV2 and sin2 2θ = 0.2. The green histogram represents an oscillation signal
with ∆m2 = 1.0 eV2 and sin2 2θ = 0.4. The blue histogram represents an oscillation signal
with ∆m2 = 10.0 eV2 and sin2 2θ = 0.2.
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(a) Fake Data Exclusion Limits Assuming No Os-
cillation Signal For ∆m2 Between 0.01 eV2 and 100
eV2
(b) Fake Data Exclusion Limits Assuming No Oscil-
lation Signal For ∆m2 Between 100 eV2 and 10000
eV2
Figure 7.12: Fake data exclusion limits at the 90% confidence level assuming no oscillation
signal for ∆m2 between 0.01 eV2 and 100 eV2 (left) and ∆m2 between 100 eV2 and 10000
eV2 (right). The regions were produced assuming the ∆χ2 distribution is a χ2 distribution
with 2 DOF.
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7.5 Results
The data can now be applied to the analysis to determine the final results. The data is
first processed through the event selection criteria described in Chapter 5 to obtain the
selected data samples with the high ν¯µ event purity. Figure 7.13 shows the observed data
event distributions for MiniBooNE and SciBooNE along with the default MC predictions
(no disappearance oscillations), in bins of reconstructed antineutrino energy. The system-
atic uncertainties shown for the MC predictions was computed as just the square roots of
the diagonals of the total systematic error matrix without correlations between different
antineutrino energy bins. A data over MC prediction excess is observed across the entire
antineutrino energy spectrum for both SciBooNE and MiniBooNE and this effect has been
observed in previous SciBooNE and MiniBooNE measurements [52; 105]. This discrepancy
is understood to be due to a lack of understanding in our antineutrino flux and antineutrino
interaction (includes cross section and subsequent nuclear interactions) predictions. The use
of both SciBooNE and MiniBooNE data, which are two very different distances away from
the antineutrino production source, in conjunction in this analysis removes much of an-
tineutrino flux and interaction uncertainties that are the source of the discrepancy. Note
that the data over MC excess is still well within the statistical and systematic uncertainties
as indicated by the vertical error bars on data (statistical uncertainties) and the shaded
error bands on MC (systematic uncertainties) in the figure.
Table 7.1 lists the event counts in each reconstructed antineutrino energy bin used in
the ∆χ2 test statistic, for data, MC predictions, and uncertainties. The listed uncertainties
are based on the square roots of the diagonals of the total error matrix and do not include
the correlations between different antineutrino energy bins. The reported SciBooNE data
has its cosmic data background removed. The cosmic data background is estimated by
applying the same selection criteria to a beam-off time window that is five times longer
than the beam-on window (for better statistics) and dividing the result by five, resulting in
a fractional number of events (described in Subsection 5.4.4).
When the actual data (not the MC generated fake data) is applied into the analysis
using the Feldman-Cousins method and the ∆χ2 and 90% exclusion confidence levels are
calculated throughout the oscillation parameter space, the final result shows no ν¯µ → νx
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Table 7.1: Observed event counts for each MiniBooNE and SciBooNE reconstructed an-
tineutrino energy bin, for data, MC predictions, and uncertainties.
Bin Range MB MB MB SB SB Cosmic SB SB
(MeV) Data MC Error ± Data [2] Data MC Error ±
300-400 565 413.5 111.0 1077.0 21.0 997.3 136.8
400-467 2577 2139.2 464.8 966.8 89.2 915.6 141.9
467-533 4433 4039.9 802.2 872.8 85.2 834.4 132.1
533-600 5849 5211.0 1005.7 854.4 72.6 809.4 132.2
600-667 6411 5725.6 1108.7 856.8 59.2 790.6 137.3
667-733 6445 5778.3 1130.3 915.0 51.0 781.9 144.3
733-800 6090 5586.8 1096.9 849.8 52.2 757.3 139.5
800-867 5678 5268.3 1044.8 876.6 43.4 717.1 138.8
867-933 5314 4826.2 951.8 787.0 39.0 655.8 138.0
933-1000 4624 4319.6 865.1 688.0 35.0 639.7 129.6
1000-1067 4015 3720.3 747.2 628.0 29.0 580.2 125.4
1067-1133 3349 3163.6 642.1 569.6 28.4 488.7 105.8
1133-1200 2965 2655.9 554.3 496.6 21.4 403.9 92.2
1200-1267 2464 2147.2 453.0 377.0 23.0 308.4 74.6
1267-1333 1937 1726.4 367.8 273.6 22.4 228.4 53.6
1333-1400 1534 1372.0 297.9 178.6 18.4 150.0 37.2
1400-1467 1227 1073.3 238.1 111.2 18.8 89.4 23.9
1467-1533 859 820.5 187.7 65.4 17.6 57.1 15.0
1533-1600 679 607.2 145.8 39.0 17.0 33.1 10.4
1600-1700 684 607.2 149.1 40.8 28.2 27.6 9.9
1700-1900 610 560.1 144.5 37.6 39.4 24.8 7.8
2 The SB data has its SB cosmic data background removed.
oscillation within the sensitivity of the analysis. Figure 7.14 and Figure 7.15 show the ν¯µ
90% CL exclusion disappearance limit for the joint disappearance analysis in linear scale and
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log scale, respectively. Regions with very small sin2 2θ and small ∆m2 cannot be excluded
due to the lack of sensitivity of the analysis as shown by the fake data frequentist studies
described in Section 7.4. The 90% CL exclusion limit leans towards the more sensitive edge
of the expected 90% CL sensitivity determined from fake data studies and shown in the
shaded band in both figures. This makes sense since what is observed is a data excess above
default MC prediction while what is expected from a ν¯µ disappearance is a deficit of data
relative to default MC prediction. This pushes the 90% CL exclusion limit towards the
more sensitive side. For ∆m2 = 1 eV2 and ∆m2 = 10 eV2, the 90% CL limit for sin2 2θ are
at 0.121 and 0.024, respectively. At sin2 2θ = 1, the 90% CL limit for ∆m2 is 0.156 eV2.
The best fit point from the joint analysis is ∆m2 = 5.9 eV2, sin2 2θ = 0.086. At the best fit
point, χ2 = 40.0 (probability 47.1%). For the null oscillation hypothesis, the χ2 is slightly
higher as expected at χ2 = 43.5 (probability 41.2%). With ∆χ2 = 3.5, the null oscillation
hypothesis is excluded at 81.9% CL, though this is just the result of the fluctuations inherent
in the data. Figure 7.14 and Figure 7.15 also show the improvement in the 90% confidence
level exclusion limit for ν¯µ disappearance relative to previous MiniBooNE [38] and CCFR
experiments [40].
A MiniBooNE-only disappearance analysis is included to give a sense of what the sen-
sitivity would be without the inclusion of SciBooNE data. Figure 7.16 shows the 90%
CL exclusion region and best fit point for the MiniBooNE-only ν¯µ disappearance analysis,
completed using the same methodology as the joint disappearance analysis except with the
exclusion of SciBooNE data, SciBooNE MC prediction, and SciBooNE portion of the error
matrix uncertainties in the χ2 statistic. The best fit point is ∆m2 = 5.9 eV2, sin2 2θ = 0.076.
At the best fit point, χ2 = 25.7 (probability 12.4%). For the null oscillation hypothesis,
χ2 = 28.3 (probability 13.7%). With ∆χ2 = 2.6, the null oscillation hypothesis is ex-
cluded at 52.4% CL. A significant portion of the overall joint analysis’s exclusion limit can
be derived from the MiniBooNE-only analysis’s exclusion limit, which makes sense since
the selected data set from MiniBooNE is by far the largest giving it the greatest predictive
power. Again, Figure 7.16 also shows the improvement in the 90% confidence level exclusion
limit for ν¯µ disappearance relative to previous MiniBooNE [38] and CCFR experiments [40].
The weakness of the MiniBooNE-only disappearance analysis is that it is more dependent
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on the understanding of the antineutrino flux and antineutrino interaction uncertainties.
The joint disappearance analysis removes this weakness since the SciBooNE data is used to
constrain the antineutrino flux and antineutrino interaction uncertainties and is therefore
more rigorous.
Figure 7.17 shows the data to MC ratios for MiniBooNE and SciBooNE, as well as how
the best fit signal modifies the MC predictions. From these ratio plots, it can be seen that
MiniBooNE and SciBooNE have correlated data to MC ratios. Both ratio plots show data
to MC ratios of over 1, or a data over MC excess. Figure 7.18 shows the double ratio defined
as:
( MiniBooNE dataMiniBooNE default MC)
( SciBooNE dataSciBooNE default MC)
. (7.7)
In the double ratio, any common normalization differences between MiniBooNE and Sci-
BooNE data over MC are removed. Many of the normalization differences between Mini-
BooNE and SciBooNE are caused by systematic uncertainties from the same sources and
therefore, cancel out in the double ratio and the expected result is a value near one. The
double ratio result agrees well with the expectation except where statistics are small. Also,
the best fit result is in line with data and an expectation of one. Therefore, the double ratio
result shows that using both SciBooNE and MiniBooNE takes advantage of correlations
between SciBooNE and MiniBooNE, which can be used to perform a better disappearance
analysis that a MiniBooNE-only disappearance analysis.
The results of the data show that no ν¯µ → νx oscillation is discovered within the
sensitivity of the analysis. Post data unveiling consistency checks show that the data behaves
in the manner expected. There is a common upward normalization shift of data relative to
MC prediction for both MiniBooNE and SciBooNE, which has been previously observed [52;
105]. The discrepancy is attributed to our lack of understanding of antineutrino flux and
antineutrino interaction with one possible major contribution being the limitations of the
RFG model to simulate what is happening in the carbon targets, including multi-nucleon
nuclear effects (described in Section ). The use of both SciBooNE and MiniBooNE in
conjunction resolves this issue since these uncertainties cancel out in the analysis.









































Figure 7.13: Reconstructed antineutrino energy (EQEν ) distribution for data events (crosses),
compared to MC predictions (solid lines), for MiniBooNE and SciBooNE. Vertical error bars
on data are the statistical uncertainties. Shaded error bands around the MC predictions
are the systematic uncertainties computed as the square roots of the diagonals of the total
systematic error matrix.
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Figure 7.14: 90% CL exclusion region (solid line) and best fit point for the joint MiniBooNE,
SciBooNE ν¯µ disappearance analysis in linear scale for sin
2 2θ and ∆m2. Also shown is the
90% CL result from the 2009 MiniBooNE disappearance analysis [38] (dashed line) and
the CCFR experiment [40] (dot-dashed line). The expected 90% CL sensitivity band from
fake data studies is also shown (shaded region); 1σ (68%) of fake data tests, where the fake
data had statistical and systematic fluctuations but no oscillation signal, had 90% CL limit
curves in this shaded region.















Figure 7.15: 90% CL exclusion region (solid line) and best fit point for the joint MiniBooNE,
SciBooNE ν¯µ disappearance analysis in log scale for sin
2 2θ and ∆m2. Also shown is the
90% CL result from the 2009 MiniBooNE disappearance analysis [38] (dashed line) and
the CCFR experiment [40] (dot-dashed line). The expected 90% CL sensitivity band from
fake data studies is also shown (shaded region); 1σ (68%) of fake data tests, where the fake
data had statistical and systematic fluctuations but no oscillation signal, had 90% CL limit
curves in this shaded region.
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Figure 7.16: 90% CL exclusion region (solid line) and best fit point for the MiniBooNE-
only ν¯µ disappearance analysis. Also shown is the 90% CL result from the 2009 MiniBooNE
disappearance analysis [38] (dashed line) and the CCFR experiment [40] (dot-dashed line).
The expected 90% CL sensitivity band from fake data studies is also shown (shaded region);
1σ (68%) of fake data tests, where the fake data had statistical and systematic fluctuations
but no oscillation signal, had 90% CL limit curves in this shaded region.






































Figure 7.17: The ratio, with full error bars (systematic and statistical), between data and
default MC as a function of reconstructed antineutrino energy (EQEν ). The ratio of best fit
signal MC to default MC is also shown (dashed line). The best fit results from the joint
analysis were used to generate the signal MC. The shaded regions are the 1σ band from
fake data with statistical and systematic fluctuations but no oscillation signal.























Figure 7.18: The double ratio (Eq. 7.7), with full error bars (systematic and statistical),
as a function of reconstructed antineutrino energy (EQEν ). Some of the MiniBooNE and
SciBooNE uncertainties cancel in this double ratio. The double ratio where the MiniBooNE
and SciBooNE signal MC based on the best fit results from the joint analysis are used in
placed of data is also shown (dashed line). The shaded region is the 1σ band from fake data
with statistical and systematic fluctuations but no oscillation signal.
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Chapter 8
Conclusions
A search for ν¯µ disappearance into a sterile neutrino has been performed in the ∆m
2 region
between 0.01 and 100 eV2 using both the SciBooNE and MiniBooNE detectors in conjunc-
tion. The use of both SciBooNE and MiniBooNE data allows the cancellation of much of
the antineutrino flux and interaction uncertainties. The reason is because the SciBooNE
detector acts as a near detector that measures the antineutrino flux and constrains its un-
certainties while the MiniBooNE acts as a far detector that measures the disappearance
oscillation. This results in a more rigorous analysis and better sensitivity than just Mini-
BooNE data alone. The joint analysis shows no evidence of sterile neutrino oscillations and
the data and MC prediction assuming no sterile neutrino oscillations agree with each other
within uncertainties for both SciBooNE and MiniBooNE detectors. New sterile neutrino os-
cillation parameter space has been excluded at the 90% CL as shown in Figure 7.14. In fact,
assuming CPT conservation, the 90% CL limit for the ν¯µ disappearance search covers more
sterile neutrino parameter space than all previous neutrino or antineutrino disappearance
searches.
The ν¯µ disappearance analysis can be combined with other world measurement on neu-
trino and antineutrino disappearance (assuming CPT conservation) to produce an even
greater sensitivity for sterile neutrino search. In addition, there are recent studies being
conducted to better understand neutrino and antineutrino interactions in the nucleus and
to reduce neutrino and antineutrino cross sectional uncertainties. If realized, these future
improvements in our understanding of physics associated with neutrino and antineutrino in-
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teractions will lead to ever more sensitive neutrino and antineutrino disappearance searches
and open up new measurable regions in the sterile neutrino oscillation parameter space that
are unfeasible today.
The importance of more sensitive neutrino and antineutrino disappearance searches can
not be understated. Disappearance searches, along with their complementary appearance
searches, are essential to discovering the presence of neutrino oscillations into sterile neu-
trinos. Disappearance and appearances searches together constrain the mixing parameters
of sterile neutrinos in the 3 +N sterile neutrino models, where there are 3 Standard Model
neutrino mass eigenstates and N sterile neutrino mass eigenstates. LSND and MiniBooNE
measured ν¯e (νe) appearance in a ν¯µ (νµ) beam consistent with a sterile neutrino oscillation
of ∆m2 ≈ 1 eV2 [23; 26] and recent results showed evidence of ν¯e disappearance from reac-
tors [114], so it is now more important than ever to find νµ and ν¯µ disappearance so that
the sterile neutrino mixing parameters can be constrained and sterile neutrino models can
be either verified or disproved.
The conclusive discovery of sterile neutrinos through disappearance and appearance
searches would be a major step forward in particle physics since it would be particle physics
beyond the Standard Model. The search for sterile neutrinos forms a large part of the
current particle physics program and this joint MiniBooNE and SciBooNE ν¯µ disappearance
analysis is an important contribution to the cause.
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The MiniBooNE and SciBooNE collaborations report the results of a joint search for short baseline
disappearance of  at Fermilab’s Booster Neutrino Beamline. The MiniBooNE Cherenkov detector and
the SciBooNE tracking detector observe antineutrinos from the same beam, therefore the combined
analysis of their data sets serves to partially constrain some of the flux and cross section uncertainties.
Uncertainties in the  background were constrained by neutrino flux and cross section measurements
performed in both detectors. A likelihood ratio method was used to set a 90% confidence level upper limit
on  disappearance that dramatically improves upon prior limits in the m
2 ¼ 0:1–100 eV2 region.
DOI: 10.1103/PhysRevD.86.052009 PACS numbers: 14.60.Lm, 14.60.Pq, 14.60.St
I. INTRODUCTION
Recently there has been increasing evidence in support
of neutrino oscillations in the m2  1 eV2 region. The
LSND [1] experiment observed an excess of e-like events
in a  beam. MiniBooNE [2–4] has observed an excess
of e-like and e-like events, in a  beam and  beam,
respectively. Additional evidence for short baseline
anomalies with L=E  1, where L is the neutrino path
length in km and E the neutrino energy in GeV, includes
the deficit of events observed in reactor antineutrino ex-
periments [5] and radioactive source neutrino measure-
ments [6]. If these anomalies are due to neutrino
oscillations in the m2  1 eV2 range, then they could
imply the existence of one or more new sterile neutrino
species that do not participate in standard weak interac-
tions but mix with the known neutrino flavors through
additional mass eigenstates. Observation of  ( ) dis-
appearance in conjunction with e ( e) appearance in this
m2 range would be a smoking gun for the presence of
these sterile neutrinos. Alternatively, constraining  ( )
disappearance can, along with global e ( e) disappear-
ance data, constrain the oscillation interpretation of the e
( e) appearance signals in LSND and MiniBooNE [7].
Searches for  and  disappearance in MiniBooNE
were performed in 2009 [8]. No evidence for disappear-
ance was found. The search for  disappearance was
recently repeated in MiniBooNE with the inclusion of
data from the SciBooNE detector in a joint analysis [9].
Once again, the results were consistent with no  dis-
appearance. The analysis presented here is an improved
search for  disappearance using data from MiniBooNE
and SciBooNE taken while the Booster Neutrino Beamline
(BNB) operated in antineutrino mode.
The Monte Carlo (MC) predictions for both MiniBooNE
and SciBooNE were updated to account for recent neutrino
flux and cross section measurements made with both ex-
periments. The data from both detectors were then simul-
taneously fit to a simple two-antineutrino oscillation
model. Improved constraints on MC predictions, the in-
clusion of SciBooNE data, and a MiniBooNE antineutrino
data set nearly 3 times larger than what was available for
the original  disappearance analysis, have allowed a
90% confidence level upper limit to be set that dramatically
improves upon prior limits in the m2 ¼ 0:1–100 eV2
region, pushing down into the region of parameter space
of interest to sterile neutrino models.
This paper is organized as follows. Section II describes
the BNB and the MiniBooNE and SciBooNE detectors.
Then, the simulation of neutrino interactions with nuclei
and subsequent detector responses are described in Sec. III.
The event selection and reconstruction for both detectors
are described in Sec. IV. The parameters for the MC tuning
and its systematic uncertainties are given in Sec. V.
Section VI describes the analysis methodology. The results
of the analysis are presented in Sec. VII, and the final
conclusions are given in Sec. VIII.
II. BEAM LINE AND EXPERIMENTAL
APPARATUS
MiniBooNE and SciBooNE both use the BNB at
Fermilab in Batavia, Illinois. The 8 GeV kinetic energy
protons from the booster accelerator strike a 1.7 interaction
length beryllium target, which is located inside a focusing
horn. The horn is pulsed in time with the beam to produce a
toroidal magnetic field that, depending on the polarity
setting, will either focus =K and defocus þ=Kþ or
vice versa. These mesons then pass through a 60 cm long
FIG. 1 (color online). Schematic view of the BNB from the
beryllium target and magnetic horn to the SciBooNE and
MiniBooNE detectors.
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collimator and decay in flight along a 50 m long tunnel. A
schematic view of the BNB from the beryllium target to
both detectors is shown in Fig. 1.
The resulting neutrino beam will have an enhanced
flux of either muon neutrinos (neutrino mode) or muon
antineutrinos (antineutrino mode). In antineutrino mode
beam running, the flux of antineutrinos in the beam will
be referred to as the right-sign (RS) flux and the flux of
neutrinos in the beam will be referred to as the wrong-sign
(WS) flux. These two designations are used because anti-
neutrinos are the signal in this analysis and neutrinos are an
intrinsic background. Figure 2 shows the neutrino and
antineutrino flux prediction in antineutrino mode at both
the MiniBooNE and SciBooNE detectors. Details on the
beam line and flux predictions are given in Ref. [10].
The MiniBooNE detector [11] is located 541 m down-
stream of the antineutrino production target and consists of
a spherical 12.2 m diameter tank containing 800 tons of
mineral oil (CH2), beneath at least 3 m of earth overburden.
The fiducial volume is a sphere 10 m in diameter, with a
fiducial mass of 450 tons. The detector is instrumented
with 1280 8-inch photomultiplier tubes (PMTs) in the
active region, and 240 8-inch PMTs in an outer, veto
region. Events are reconstructed based on timing and
charge information mostly from Cherenkov radiation. A
schematic of the MiniBooNE detector is shown in Fig. 3.
The SciBooNE detector [12] is located 100 m down-
stream of the target. SciBooNE is a discrete tracking
detector comprised of three subdetectors (in order from
upstream to downstream): a fully active and finely seg-
mented scintillator tracker (SciBar), an electromagnetic
calorimeter (EC), and a muon range detector (MRD).
The SciBar subdetector [13] consists of 14336 extruded
polystyrene (C8H8) strips arranged vertically and horizon-
tally to construct a 3 3 1:7 m3 volume. Each scintil-
lator strip is read out by a wavelength shifting fiber
attached to a 64-channel multianode PMT (MA-PMT).
 (GeV)νE






































FIG. 2. The neutrino and antineutrino flux prediction as a function of true neutrino (antineutrino) energy, in antineutrino mode at the
MiniBooNE and SciBooNE detectors. The  flux is represented by the solid line, the  flux is represented by the dashed line, the e
flux is represented by the dot-dashed line, and the e flux is represented by the dotted line.
FIG. 3 (color online). Schematic view of the MiniBooNE
detector. FIG. 4 (color online). Schematicviewof theSciBooNEdetector.
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The 15 ton SciBar subdetector (10.6 ton fiducial volume)
provides the primary interaction target. The EC subdetector
is a two plane (vertical and horizontal) ‘‘spaghetti’’-type
calorimeter; 64 modules made of 1 mm scintillating fibers
embedded in lead foil are bundled and read out at both ends
by PMTs. The MRD subdetector, designed to measure
muon momentum, is made from 12 iron plates, each 5 cm
thick, sandwiched between 13 alternating horizontal and
vertical scintillator planes of thickness 6 mm that are read
out via 362 individual 2-inch PMTs. A schematic of the
SciBooNE detector is shown in Fig. 4.
III. MONTE CARLO SIMULATION
Simulation of the neutrino and antineutrino flux, neu-
trino and antineutrino interactions in the detector, and
detector response has been discussed in detail in previous
publications for MiniBooNE [14,15] and SciBooNE [16].
Calculation of the neutrino and antineutrino flux at the
detector is done with a GEANT4-based model [17] that is
constrained by external measurements [10,18] and ac-
counts for proton transport to the target, p-Be interactions
in the target, meson production, focusing by the magnetic
horn, meson propagation and decay, and neutrino and
antineutrino propagation to the detectors.
Neutrino and antineutrino interactions in both detectors
are simulated using the NUANCE [19] event generator.
Bound nucleons are described by the relativistic Fermi gas
(RFG) model [20]. The MiniBooNE detector response is
simulated using GEANT3 [21], which takes the final-state
particles emerging from a nucleus and propagates them
through the detector. The GEANT3 code was modified to
include a custom model for light propagation in the detec-
tor [22] and to use GCALOR [23] for pion absorption and
charge exchange in the detector medium. SciBooNE uses
GEANT4 [24] to simulate the interactions of hadronic par-
ticles with detector materials.
IV. EVENT SELECTION AND RECONSTRUCTION
MiniBooNE data from a total of 1:01 1021 protons on
target (POT) operation in antineutrino mode, from July 2006
up through April 2012, are included in the analysis. Data
from SciBooNE antineutrino mode operation from
June 2007 through August 2008 are included, comprising
a total of 1:53 1020 POT for the SciBooNE contribution.
MiniBooNE event selection and reconstruction is essen-
tially identical to that used for a previous neutrino mode 
cross section measurement [14]. Events with only a single
þ in the detector are selected. Event selection cuts are
based on the beam timing, fiducial volume, observation of
two correlated events (the muon and its decay electron), and
the likelihood of the fit to the muon hypothesis. These cuts
are designed to reject incoming particles (i.e. muons from
cosmic rays or from neutrino and antineutrino interactions in
the surrounding material), ensure that the event is contained
within the detector, and ensure correct event classification as
well as accurate muon energy estimation. The capture of
resulting from initial  charged current quasielastic
(CCQE) interaction events is simulated in the MC and these
specific events are not selected. In antineutrino mode, a
sizable fraction of the events (roughly 20%) are due to 
interactions. MiniBooNE cannot distinguish between 
and  events on an event-by-event basis, so 
s from
 interactions are an irreducible background.
For SciBooNE, the event selection and reconstruction is
nearly identical to the previous inclusive charged current
measurement [16]. Two-dimensional SciBar tracks are
reconstructed using a cellular automaton algorithm [25]
from SciBar hits. Three-dimensional SciBar tracks are then
reconstructed based on the timing and end point positions
of the two-dimensional SciBar tracks. Two-dimensional
tracks in the MRD are independently reconstructed using
hits in the MRD that are clustered within a 50 ns timing
window. Three-dimensional tracks in the MRD are recon-
structed by matching the timing of the two-dimensional
projections. If the downstream edge of a SciBar track lies
in the last two layers of SciBar, a search for a matching
track or hits in the MRD is performed. The upstream edge
of the MRD track is required to be on either one of the first
two layers of the MRD, and to be within 30 cm of the
projected entry point of the SciBar track into the MRD
(a more detailed description of the track reconstruction can
be found in Ref. [12]).
To select þ events, the highest momentum track per
event in the beam on-time window is required to have
p > 0:25 GeV=c to reduce the number of neutral current
(NC) events. The energy loss of the track in SciBar must be
consistent with a muon hypothesis, and must originate
within the 10.6 ton SciBar fiducial volume. These muon
candidate tracks are further categorized as SciBar-stopped
or MRD-stopped. SciBar-stopped events have the down-
stream end point of the muon candidate track contained in
the SciBar fiducial volume. MRD-stopped events have the
muon candidate track being a SciBar track matched to
MRD hits or to an MRD track with a downstream end
point that does not exit the back or sides of the MRD. Both
SciBar-stopped and MRD-stopped events are used in the
analysis. SciBooNE has no overburden so cosmic back-
grounds must be subtracted. For cosmic background esti-
mation, the same muon selection criteria are applied to a
beam-off time window that is 5 times longer than the
beam-on window. This event rate is scaled and subtracted
from the beam-on data.
The selected events include  and  interactions on
carbon and hydrogen in the detectors. The reconstructed
antineutrino energy is based on the assumption that the
interaction is always a  CCQE interaction with a proton
at rest in carbon:  þ p! þ n. Hence, it is a function
of the measured energy and direction of the outgoing
muon. The equation for reconstructed energy is
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n  ðMp  EBÞ2 M2 þ 2ðMp  EBÞE
2ðMp  EB  E þ P cosÞ ; (1)
where Mn and Mp are the mass of the neutron and proton,
M, E, P, and  are the mass, energy, momentum, and
direction of the outgoing muon, and EB is the binding
energy (30 MeV for protons in carbon). Equation (1) is
applied to all selected events in data and MC, even though
a sizable fraction of the events are not CCQE [i.e. charged
current single  (CC1), charged current multipion (CC
multipion), or NC events misidentified as CCQE events].
The impact of the CCQE reconstruction assumption, which
leads to reduced accuracy in reconstructed energy for non-
CCQE events, is accounted for in MC, which also includes
these selected non-CCQE events. MiniBooNE has an esti-
mated resolution for reconstructed energy of 8.3% for
CCQE events and 13.9% for all events. SciBooNE has an
estimated reconstructed energy resolution of 9.6% for
CCQE events and 24.6% for all events.
MiniBooNE and SciBooNE data and MC are put in
21-bin histograms of EQE . The binning goes from
300MeV to 1.9 GeV, with individual bin widths as follows:
bin 1, 100 MeV; bins 2–19, 66.7 MeV; bin 20, 100 MeV;
bin 21, 200 MeV. The first and last two bins are wider to
ensure adequate event statistics in data and MC.
Figure 5 shows the predicted event distributions in
MiniBooNE for reconstructed antineutrino and neutrino en-
ergy, for events on hydrogen and carbon nuclei. Figure 6
shows the predictions for MiniBooNE’s reconstructed anti-
neutrino and neutrino energy distributions by interaction
type: CCQE, CC1, and all other interaction types (CC
multipion and NC). Table I shows the MC predictions for
the selected MiniBooNE events by neutrino and interaction
type. e and e contamination is negligible.
The following plots show several properties of the se-
lected SciBooNE events, as predicted by simulation.
Figure 7 shows the reconstructed antineutrino and neutrino
energy distributions for events on hydrogen and carbon
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FIG. 5. Reconstructed antineutrino and neutrino energy (EQE ) distributions for selected RS and WS MiniBooNE events on different
target types (hydrogen or carbon) from MiniBooNE MC. Total events are represented by the solid line, events with interaction on
carbon are represented by the dashed line, and events with interaction on hydrogen are represented by the dot-dashed line.
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FIG. 6. Reconstructed antineutrino and neutrino energy (EQE ) distributions for selected RS and WS MiniBooNE events for different
interaction types (CCQE, CC1, other) from MiniBooNE MC. Total events are represented by the solid line, CCQE interaction events
are represented by the dashed line, CC1 interaction events are represented by the dot-dashed line, and all other interaction (CC
multi- or NC) events are represented by the short-dashed line.
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nuclei. Figure 8 shows the reconstructed antineutrino and
neutrino energy distribution by interaction type: CCQE,
CC1, and other (CC multipion and NC). Table I shows
the MC predictions for the selected SciBooNE events by
neutrino and interaction type. The data set is estimated to
contain an additional 811 events from cosmic ray muons.
The difference in shape between the SciBooNE RS
(WS) and MiniBooNE RS (WS) energy distributions is
mainly due to different event selection criteria between
MiniBooNE and SciBooNE. MiniBooNE selects for
CCQE interaction events and SciBooNE selects for
all CC interaction events so the SciBooNE sample has a
larger percentage of non-CCQE interaction events. Since
the antineutrino energy reconstruction is based on a
CCQE interaction assumption, there are more SciBooNE
events with a larger discrepancy between true antineutrino
energy and reconstructed antineutrino energy than in
MiniBooNE, leading to shape differences. Differences in
selection efficiency, antineutrino flux at the detector loca-
tions, and background rejection between MiniBooNE and
SciBooNE also contribute to the shape differences.
Figure 9 shows the distribution of the combined antineu-
trino and neutrino propagation distances, from production
TABLE I. MC predictions for the number of selected events by
neutrino and interaction type in both MiniBooNE and
SciBooNE.
MiniBooNE SciBooNE
Interaction type  events  events  events  events
CCQE 37428 9955 4619 1359
CC1 8961 2593 1735 1006
CC multi- or NC 2364 460 959 610
 (GeV)QEνE
































FIG. 7. Reconstructed antineutrino and neutrino energy (EQE ) distributions for selected RS and WS SciBooNE events on different
target types (hydrogen or carbon) from SciBooNE MC. Total events are represented by the solid line, events with interaction on carbon
are represented by the dashed line, and events with interaction on hydrogen are represented by the dot-dashed line.
 (GeV)QEνE
































FIG. 8. Reconstructed antineutrino and neutrino energy (EQE ) distributions for selected RS and WS SciBooNE events for different
interaction types (CCQE, CC1, other) from SciBooNE MC. Total events are represented by the solid line, CCQE interaction events
are represented by the dashed line, CC1 interaction events are represented by the dot-dashed line, and all other interaction (CC
multi- or NC) events are represented by the short-dashed line.
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in the decay tunnel to interaction in SciBooNE or
MiniBooNE.
V. SYSTEMATIC UNCERTAINTIES
Beam and cross section uncertainties are calculated for
both MiniBooNE and SciBooNE using the multisim
method [26]. In this procedure, groups of correlated simu-
lation parameters associated with beam production and
cross section modeling uncertainties are sampled accord-
ing to their covariance matrices. The parameters for each
source of uncertainty (, Kþ, etc.) are sampled
1000 times to obtain sufficient statistics. Each MC event
in MiniBooNE and SciBooNE is reweighted based on
these varied parameters forming 1000 new MC predictions
of the EQE distribution in both detectors. Covariance ma-
trices, in bins of EQE , are then computed for each source of
uncertainty by comparing these 1000 new MC predictions
to the default MC prediction. The procedure takes care of
the correlation of beam production and cross section un-
certainties between MiniBooNE and SciBooNE. Cross
section and nuclear model uncertainties for  and  events
are treated as uncorrelated due to the poor understanding of
differences between  and  interactions in nuclear mod-
eling. Some detector specific uncertainties are calculated
using the unisim method [26], where uncorrelated detector
specific uncertainties are varied up or down by 1 standard
deviation.
A. Beam uncertainties
Uncertainties in the delivery of the primary proton beam
to the beryllium target, the primary beam optics, secondary
hadron production in proton-beryllium interactions, had-
ronic interactions in the target and horn, and the horn
magnetic field, are included in the beam multisims.
Uncertainties in the magnetic field horn current, skin effect
of the horn, and secondary nucleon and pion interactions in
the Be target and Al horn are obtained from previous
MiniBooNE analyses [10].
The normalization of the neutrino component in the
antineutrino beam was adjusted based on direct measure-
ments in MiniBooNE [15,27]. The beam fraction of  in
the antineutrino beam was determined using three meth-
ods: a pure data sample of  events from CC1 inter-
actions, differences in Michel electron rates between final
state  and þ from  and  interactions, respec-
tively, due to  capture on carbon, and angular distribu-
tion differences between final state  and þ from 
and  interactions, respectively. Averaging these three
methods, the þ production in the beam MC was scaled
by a factor of 0.78 and given a 12.8% normalization
uncertainty. Uncertainties on the production of  from
the initial p-Be interaction are calculated using spline fits
to data from the HARP experiment [10]. An updated Kþ
production simulation with reduced uncertainties for the
initial p-Be interaction is used. This update is based on a
new Feynman scaling fit [28] to recent SciBooNE mea-
surements [29]. The K0 production uncertainties for the
initial p-Be interaction are from the Sanford-Wang pa-
rametrization covariance matrix [10]. K production is
estimated using the MARS hadronic interaction package
[30] due to the scarcity of production measurements in the
relevant kinematic regions. K production cross section
uncertainties from the initial p-Be interaction are given a
conservative 100% normalization uncertainty.
B. Cross section uncertainties
CCQE cross sections on carbon are calculated assuming
an RFG model with parameters MAðaxial massÞ ¼ 1:35
and ðPauli blocking factorÞ ¼ 1:007. An additional cor-
rection, as a function of Q2, is applied to background
CC1 interaction events in MC [14]. The uncertainties in
MA and  for CCQE events on carbon are based on the
statistical uncertainties of the MiniBooNE neutrino mode
measurement [14], to avoid double counting systematic
uncertainties accounted for in this analysis as detailed in
this section.
Since the purpose of the Q2 correction in the
MiniBooNE neutrino mode measurement [14] is to match
path length (m)



































FIG. 9. Antineutrino and neutrino path lengths for MiniBooNE
and SciBooNE events from point of production to interaction in
detector, as predicted by the MC simulation.
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the background CC1 interaction events in MC to a se-
lected data sample comprising mainly of CC1 interaction
events, there is no uncertainty placed onMA for  CC1
interaction events. However, for  CC1 interaction
events, the MA-resonant and coherent 1 uncertainties
are not constrained by the MiniBooNE neutrino mode
measurement and are not reduced. The values and uncer-
tainties of MA for CC coherent  interactions, MA for
multi- interactions, Fermi surface momentum (pF), and
NC axial vector isoscalar contribution (s) are identical to
previous MiniBooNE and SciBooNE measurements
[9,16]. The uncertainties for pion absorption, pion inelastic
scattering, and pionless  decay in the target nucleus
( 25%, 30%, and 100%, respectively) are treated in
the same way as in a previous measurement [9], however
they are treated as uncorrelated between MiniBooNE and
SciBooNE (unlike all other cross section uncertainties).
Both the  and  MA values and their uncertainties for
quasielastic interactions on hydrogen are based on the
latest deuterium measurements [31].
Additional systematic uncertainties are added to account
for limitations of the RFG model. Such limitations include
the absence of processes such as meson exchange currents
and multinucleon knockout events [32–35]. A 10% nor-
malization uncertainty is assigned to both  and  CCQE
interactions on carbon to cover the difference between data
and prediction in the MiniBooNE  CCQE measurement.
An additional 40% normalization uncertainty is placed on
 CCQE interactions on carbon to cover the discrepancy
between the RFG model prediction for  and recent nu-
clear models [32–35]. An additional 10% normalization
uncertainty is added to non-CCQE  interactions on carbon
to account for the limitations of the RFG model for those
type of events.
The full list of beam and cross section parameters for
MC simulation and its associated systematic uncertainties
are shown in Table II.
C. Detector uncertainties
Uncertainties associated with the MiniBooNE detector
include light propagation, attenuation, and scattering in the
detector as well as PMT response. The optical model for
light propagation in the detector [22] uses 35 parameters
for properties such as refractive index, attenuation length,
scintillation strength, etc. These parameters are tuned to
non-MiniBooNE measurements as well as MiniBooNE
internal data. Over 100 separate MC data sets were
created based on variations in these parameters. In a man-
ner similar to the multisim method, these results were used
to compute the optical model error matrix in bins of
TABLE II. Summary of beam and cross section parameters for MC simulation with its associated systematic uncertainties.
Beam Uncertainty
þ production in antineutrino beam (from WS neutrino background) 12.8% normalization uncertainty [15]
 production from p-Be interaction Spline fit to HARP data
Kþ production from p-Be interaction Table IX in Ref. [28]
K0 production from p-Be interaction Table IX in Ref. [10]
K production from p-Be interaction 100% normalization uncertainty
Nucleon and pion interaction in Be/Al Table XIII in Ref. [10]
Horn current 1 kA
Horn skin effect Horn skin depth, 1:4 mm
Cross Sections Uncertainty
CCQE MA on carbon target 1:35 0:07 GeV
 1:007 0:005
CCQE MA on hydrogen target 1:014 0:014 GeV
CC resonant  MA 1:1 0:275 GeVa
CC coherent  MA 1:03 0:275 GeVa
CC multi  MA 1:3 0:52 GeV
EB 9 MeV
pF 220 30 MeV=c
s 0:0 0:1
CCQE on carbon 10% norm error
CCQE on carbon ð Þ only 40% norm error
Non-CCQE on carbon ð Þ only 10% norm error
 absorption in nucleus 25%
 inelastic scattering 30%
-less  decay 100%
aThis uncertainty is not applied to  CC1 events that are Q
2 corrected.
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reconstructed antineutrino energy. To estimate the impact
of uncertainties in PMT response, independent MC data
sets based on variations in the discriminator threshold, or
the PMT charge-time correlations, were created and com-
pared to default MC. Based on comparisons with external
data [36–38] and the output of GCALOR, an uncertainty of
35% is assigned to pion absorption and 50% is assigned to
charge exchange in the detector medium. This is distinct
from the uncertainty on pion absorption and charge ex-
change inside the nucleus.
Uncertainties associated with the SciBooNE detector
include uncertainties in the muon energy loss in the scin-
tillator and iron, light attenuation in the wavelength shift-
ing fibers, and PMT response; see Ref. [16]. The crosstalk
of the MA-PMT was measured to be 3.15% for adjacent
channels with an absolute error of 0.4% [12]. The single
photoelectron resolution of the MA-PMT is set to 50% in
the simulation, and the absolute error is estimated to be
20%. Birk’s constant for quenching in the SciBar scin-
tillator was measured to be 0:0208 0:0023 cm=MeV
[12]. The conversion factors for analog-to-digital converter
counts to photoelectrons were measured for all 14 336MA-
PMT channels in SciBar. The measurement uncertainty
was at the 20% level. The threshold for hits to be used in
SciBar track reconstruction is 2.5 photoelectrons; this
threshold is varied by 20% to evaluate the systematic
error for SciBar track reconstruction. The time-to-digital
converter dead time is set to 55 ns in the MC simulation,
with the error estimated to be 20 ns [39].
The reconstruction uncertainties consist of antineutrino
energy reconstruction uncertainties and muon track misi-
dentification uncertainties. For antineutrino energy recon-
struction uncertainties, the densities of SciBar, EC, and
MRD are varied independently within their measured un-
certainties of 3%, 10%, and 3%, respectively.
Misidentified muons stemmainly from proton tracks created
through NC interactions, which are given a conservative
20% normalization uncertainty. A conservative 20%
normalization uncertainty is applied for the MC simulated
background of neutrino and antineutrino events initially
interacting outside the SciBooNE detector that pass the
selection criteria. A conservative 20% normalization un-
certainty is applied for the MC simulated background of
neutrino and antineutrino events initially interacting in the
EC/MRD detector that pass the selection criteria.
D. Error matrix
All of the MiniBooNE uncertainties, the SciBooNE
uncertainties, and the correlations between them are ex-
pressed in the total error matrix, M, a 42 42 covariance
matrix in MiniBooNE and SciBooNE reconstructed anti-







MXi;j ¼ M^Xi;j;ðRS;RSÞNYi RSNZj RS
þ M^Xi;j;ðWS;WSÞNYi WSNZj WS
þ M^Xi;j;ðRS;WSÞNYi RSNZj WS
þ M^Xi;j;ðWS;RSÞNYi WSNZj RS
þMXi;j stat (3)
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FIG. 10. Bin-wise square root of the total (statistical and











, where Mij is the total error matrix and Ni (Nj)
is the MC prediction for reconstructed antineutrino energy bin i
(j). Bins 1 through 21 are MiniBooNE, bins 22 through 42 are
SciBooNE.
MiniBooNE


























FIG. 11. Correlation coefficients of the total (statistical and
systematic errors combined) error matrix (ij ¼ Mij=ðiijjÞ).
Bins 1 through 21 are MiniBooNE, bins 22 through 42 are
SciBooNE. No bins are anticorrelated.
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are the bin to bin covariance elements of the full error matrix.
X denotes the type of correlation with Y and Z denoting the
type of bins (either MiniBooNE or SciBooNE) associated
with X. For MiniBooNE to MiniBooNE correlations, X ¼
MBMB, Y ¼ MB, Z ¼ MB. For SciBooNE to
SciBooNE correlations, X ¼ SB SB, Y ¼ SB, Z ¼ SB.
For MiniBooNE to SciBooNE correlations, X ¼ MB SB,
Y ¼ MB, Z ¼ SB. For SciBooNE to MiniBooNE correla-
tions, X ¼ SBMB, Y ¼ SB, Z ¼ MB. NYi RS (NZj RS)
and NYi
WS (NZj
WS) are the number of RS and WS events
for bin type Y (bin type Z) in reconstructed antineutrino
energy bin i (bin j), respectively. M^Xi;j;ðRS;RSÞ are the elements
of the RS to RS correlated fractional error matrix for corre-







where MXi;j;ðRS;RSÞ is the full RS to RS reconstructed anti-





i;j;ðWS;RSÞ are similarly de-
fined fractional error matrices for correlation type X with
different RS and WS correlations. MXstat is the statistical
covariance matrix in reconstructed antineutrino energy bins
for correlation type X (only SB SB and MBMB have
nonzero elements).
The decomposition and reconstruction of the full error
matrix M to and from the fractional error matrices allows
the error matrix to be updated based on different MC
predictions, as a function of the oscillation parameters in
the physics parameter space.
For illustrative purposes, Fig. 10 shows the square roots











, whereMij are the elements of the total error
matrix and Ni (Nj) is the MC prediction for reconstructed
antineutrino energy bin i (j). Figure 11 shows the correla-
tion coefficients of the total error matrix in reconstructed
antineutrino energy bins.
Figure 12 shows the MiniBooNE and SciBooNE default





values of the error matrix
diagonal elements.
VI. ANALYSIS METHODOLOGY
Oscillation predictions are based on a two-antineutrino
oscillation model, where the oscillation survival probabil-
ity for a  in the beam is given by




L is the path length in kilometers, E is the antineutrino
energy in GeV,  is the mixing angle, and m2 is the
difference in the squares of the masses of two different
mass eigenstates.




ðDi  NiÞðM1ÞijðDj  NjÞ; (6)
where ðM1Þij is the ijth element of the inverse of the error
matrix M, the covariance matrix in MiniBooNE and
SciBooNE EQE bins described in Eq. (2). Di (Dj) is the
data count in bin i (j) and Ni (Nj) is the MC prediction for
bin i (j), in MiniBooNE and SciBooNE EQE bins. Ni is the
sum of neutrino (WS) and antineutrino (RS) events in the
ith bin:
Ni ¼ NRSi ðm2; sin22Þ þ NWSi : (7)
As shown inEq. (7), only the predictedRS event rate depends
on the oscillation parameters, m2 and sin22, for this two-
antineutrino oscillation model. The WS flux is assumed to
not oscillate. The index runs from 1 to 42 (21 MiniBooNE
EQE bins and 21 SciBooNE E
QE
 bins). For the physics
analysis fitting, a 2 test statistic is used as defined by
 (GeV)QEνE



































FIG. 12. RS (solid line) and WS (dashed line) contributions to the default MC prediction for MiniBooNE and SciBooNE
reconstructed antineutrino and neutrino energy (EQE ) distributions. Error bars are the systematic uncertainties from the diagonals
of the error matrix ðii ¼
ffiffiffiffiffiffiffi
Mii
p Þ and do not account for correlations.
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2 ¼ 2ðNðphysÞ;MðphysÞÞ  2ðNðBFÞ;MðBFÞÞ;
(8)
where BF refers to the oscillation parameters at the best fit
point and phys refers to the oscillation parameters at a given
test point.
The method of Feldman and Cousins [40] is used to
determine the2 value at each point that corresponds to a
certain confidence level of acceptance or rejection. To
obtain the 90% confidence level exclusion region for 
disappearance, a 2 distribution is formed for each point
phys in parameter space using many iterations of generated
fake data at that phys. The 
2 value from actual data at
each phys is then compared to the fake data 
2 distribu-
tion at each phys. If the 
2 value from actual data is
larger than 90% of the all the fake data 2 values at a
phys point, then the phys point in parameter space is
excluded at 90% confidence level. The aggregation of all
the excluded 90% confidence level phys points forms the
90% confidence level exclusion region.
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FIG. 13. Reconstructed antineutrino energy (EQE ) distribution for data events, compared to Monte Carlo predictions, for MiniBooNE
and SciBooNE. Vertical error bars on data are statistical uncertainty. Shaded error band around simulation is the systematic uncertainty
computed as the square roots of the diagonals of the total error matrix.
TABLE III. Observed event counts for each MiniBooNE and SciBooNE data bin, MC predictions, and uncertainty.
Bin range (MeV) MB data MB MC MB error  SB dataa SB cosmic SB MC SB error 
300–400 565 413.5 111.0 1077.0 21.0 997.3 136.8
400-467 2577 2139.2 464.8 966.8 89.2 915.6 141.9
467–533 4433 4039.9 802.2 872.8 85.2 834.4 132.1
533–600 5849 5211.0 1005.7 854.4 72.6 809.4 132.2
600–667 6411 5725.6 1108.7 856.8 59.2 790.6 137.3
667–733 6445 5778.3 1130.3 915.0 51.0 781.9 144.3
733–800 6090 5586.8 1096.9 849.8 52.2 757.3 139.5
800-867 5678 5268.3 1044.8 876.6 43.4 717.1 138.8
867-933 5314 4826.2 951.8 787.0 39.0 655.8 138.0
933–1000 4624 4319.6 865.1 688.0 35.0 639.7 129.6
1000–1067 4015 3720.3 747.2 628.0 29.0 580.2 125.4
1067-1133 3349 3163.6 642.1 569.6 28.4 488.7 105.8
1133–1200 2965 2655.9 554.3 496.6 21.4 403.9 92.2
1200–1267 2464 2147.2 453.0 377.0 23.0 308.4 74.6
1267–1333 1937 1726.4 367.8 273.6 22.4 228.4 53.6
1333–1400 1534 1372.0 297.9 178.6 18.4 150.0 37.2
1400–1467 1227 1073.3 238.1 111.2 18.8 89.4 23.9
1467–1533 859 820.5 187.7 65.4 17.6 57.1 15.0
1533–1600 679 607.2 145.8 39.0 17.0 33.1 10.4
1600–1700 684 607.2 149.1 40.8 28.2 27.6 9.9
1700–1900 610 560.1 144.5 37.6 39.4 24.8 7.8
aThe SB data has its SB cosmic data background removed.
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The full error matrix is used to create the fake data for
the Feldman and Cousins tests. First, a Cholesky decom-
position is performed on the error matrix M:
M ¼ LL; (9)
where L is a lower triangular matrix and L is the conjugate
transpose of L. Then, a vector u is created, where each of
the n elements, 42 in total, of u are drawn from a Gaussian
distribution with mean 0 and variance 1. A fluctuated fake
data histogram is given by
Nfake ¼ NdefaultðphysÞ þ Lu; (10)
where Ndefault is the default Monte Carlo prediction assum-
ing an oscillation signal with oscillation parameters at
point phys.
VII. RESULTS
Figure 13 shows the observed event distributions, in
reconstructed antineutrino energy, for MiniBooNE and
SciBooNE. The systematic uncertainty shown for the MC
predictions was computed as just the square roots of the
diagonals of the total error matrix without correlations.
Table III lists the event counts in each bin, for data and
for MC predictions. The listed uncertainties are based on
the square roots of the diagonals of the total error matrix
without correlations. (The reported SciBooNE data has
fractional counts due to the manner in which the cosmic
ray background is subtracted.)
A MiniBooNE-only disappearance analysis is included
to give a sense of what the sensitivity would be without the
inclusion of SciBooNE data. Figure 14 shows the 90% C.L.
exclusion region and best fit point for the MiniBooNE-
only  disappearance analysis, completed using the same
methodology as the joint disappearance analysis except
with the exclusion of SciBooNE data, SciBooNE MC
)θ(22sin












FIG. 14 (color online). 90% C.L. exclusion region (solid line)
and best fit point for the MiniBooNE-only  disappearance
analysis. Also shown is the 90% C.L. result from the 2009
MiniBooNE disappearance analysis [8] (dashed line) and the
Chicago-Columbia-Fermilab-Rochester (CCFR) experiment
[41] (dot-dashed line). The expected 90% C.L. sensitivity band
from fake data studies is also shown (shaded region); 1 (68%)
of fake data tests, where the fake data had statistical and system-
atic fluctuations but no oscillation signal, had 90% C.L. limit
curves in this shaded region.
)θ(22sin

























FIG. 15 (color online). 90% C.L. exclusion region (solid line)
and best fit point for the joint MiniBooNE, SciBooNE 
disappearance analysis. Also shown is the 90% C.L. result
from the 2009 MiniBooNE disappearance analysis [8] (dashed
line) and the CCFR experiment [41] (dot-dashed line). The
expected 90% C.L. sensitivity band from fake data studies is
also shown (shaded region); 1 (68%) of fake data tests, where
the fake data had statistical and systematic fluctuations but no
oscillation signal, had 90% C.L. limit curves in this shaded
region.
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prediction, and SciBooNE error matrix uncertainties in the
2 statistic. The best fit point is m2 ¼ 5:9 eV2, sin22 ¼
0:076. At the best fit point, 2 ¼ 25:7 (probability 12.4%).
For the null oscillation hypothesis, 2 ¼ 28:3 (probability
13.7%). With 2 ¼ 2:6, the null oscillation hypothesis is
excluded at 52.4% C.L.
Figure 15 shows the  disappearance limit for the joint
disappearance analysis. For m2 ¼ 1 eV2 and m2 ¼
10 eV2, the 90% C.L. limit for sin22 are at 0.121 and
0.024, respectively. At sin22 ¼ 1, the 90% C.L. limit for
m2 is 0:156 eV2 The best fit point from the joint analysis
is m2 ¼ 5:9 eV2, sin22 ¼ 0:086. At the best fit point,
2¼40:0 (probability 47.1%). For the null oscillation hy-
pothesis, 2 ¼ 43:5 (probability 41.2%). With 2¼3:5,
the null oscillation hypothesis is excluded at 81.9% C.L.
All probabilities in both the MiniBooNE-only and joint
disappearance analyses are based on fake data studies.
Figure 16 shows the data to MC ratios for MiniBooNE
and SciBooNE, as well as how the best fit signal modifies
the MC predictions. From these ratio plots, it can be seen
how the best fit signal improves the shape agreement








In Fig. 17, any common normalization difference is re-
moved and the expected result is a value of one. The double
ratio result agrees well with the expectation except where
statistics are small.
VIII. CONCLUSIONS
An improved search for  disappearance using a two-
detector combined MiniBooNE/SciBooNE analysis has
been performed. Previous flux and cross section measure-
ments, as well as an increased data set, have enabled a
substantial improvement in the sensitivity to  disappear-
ance. The results are consistent with no short baseline
disappearance of  and we have dramatically improved
on the excluded regions of the oscillation parameter space.
MiniBooNE and SciBooNE have pushed the limit on short
baseline disappearance of  down to roughly 10%, the
region of interest for sterile neutrino models.
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FIG. 16. The ratio, with error bars, between data and default MC as a function of reconstructed antineutrino energy (EQE ). The ratio
of best fit signal MC to default MC is also shown (dashed line). The best fit results from the joint analysis were used to generate the
signal MC. The shaded regions are the 1 band from fake data with statistical and systematic fluctuations but no oscillation signal.
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FIG. 17. The double ratio [Eq. (11)], with error bars, as a
function of reconstructed antineutrino energy (EQE ). Some of
the MiniBooNE and SciBooNE uncertainties cancel in this
double ratio. The double ratio where the MiniBooNE and
SciBooNE signal MC based on the best fit results from the joint
analysis are used in placed of data is also shown (dashed line).
The shaded region is the 1 band from fake data with statistical
and systematic fluctuations but no oscillation signal.
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